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Abstract	  
Electrostatic charging is an important, yet underappreciated, phenomenon associated with 
handling and processing of powders. The ambiguous character of the process of charge 
generation as well as the complex nature of solid surfaces make powder electrostatics unclear 
and hard to comprehend or explain. The work carried out in this thesis aimed to provide a 
detailed investigation on the impact of surface characteristics of powders on their 
electrostatic behaviour. Here, the experimental design was intended to evaluate the effect of a 
single parameter at a time, independently of other variables, in order to establish direct 
correlations between the properties studied. This approach aims to understand why powders 
exhibit different electrostatic behaviour and how this behaviour changes upon altering 
material properties. In this work, the influence of surface chemistry on the electrostatic 
performance has been determined explicitly for the first time for a number of surface 
chemical groups. The material’s electrostatic behaviour was linked to the surface 
hydrophobicity resulting from different groups being exposed. Furthermore, the impact of 
changing humidity on the charge accumulation and dissipation was investigated and 
concluded to be surface chemistry dependant. This concept was related to the crystal habit 
and surface energy for mannitol crystals showing how changes in the crystal shape can 
impact the powder electrostatics. The effect of the material’s internal structure was 
investigated for amorphous and crystalline lactose and demonstrated that disordered 
structures significantly decrease charge dissipation kinetics and lead to greater charge being 
accumulated. The effect of water present in the amorphous/ crystalline phases was also 
anticipated and determined to be a secondary factor guiding the behaviour. In this work, the 
importance of surface coating occurring for the binary systems is emphasised and the 
electrostatic behaviour of binary mixture is studied in detail.  Finally, the impact of mixture 
homogeneity on the electrostatic response was evaluated. 
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Chapter 1 Introduction 
1.1 Background 
Contact charging, and associated with it charge accumulation, is an important phenomenon 
encountered in many industrial sectors and is a subject of a continuous research in a variety 
of scientific disciplines. The importance of the static charges generation and their 
accumulation can be highlighted by the applications in such advances as laser printing or 
photocopying [1]. On the other hand however, unintentional or uncontrolled charge build up 
might have undesirable, and sometimes catastrophic, consequences from the processing and 
safety point of view [1, 2]. In particular, significant problems have been observed or reported 
for the pilot plants involving processing of powders, such as foods, grains, pharmaceuticals 
and plastics [2].  
Pharmaceutical industry specifically is tightly regulated by a set of guidelines and controlled 
by the Food and Drug Administration (FDA) aiming to ensure that the marketed product is 
safe and shows efficient therapeutic properties consistently, meaning every time it is 
produced and distributed into a body [3]. Considering that vast majority of all dosage forms 
is produced in a solid state, as well as large number of excipients being available as powders, 
powder processing and manufacturing are almost inevitable during the pharmaceutical 
product development and production [3, 4]. Hence, operations such as grinding, milling or 
mixing are frequently applied during various stages in order to achieve product with desired 
powder and particle properties [4]. However, concurrently, such processes involve frequent 
movement of solid particles across the surfaces leading to the generation of electrostatic 
charge [5, 6]. Apart from the safety concerns associated with rapid charge discharge and 
potential dust explosions, charge accumulated by the powder can significantly alter its 
 25 
dynamic behaviour posing serious processing and handling challenges [2, 6]. These include 
particles agglomeration, increased powder adhesion to the surfaces, poor flow performance or 
even blockage of instruments [2, 5]. Such complications may result in turn in a non-
homogenous powder mixing, mixtures segregation or selective material loss and hence 
impose questions about the final product quality, batch reproducibility or accurate drug dose 
content [2, 7].  
Even though the concept of powder electrification has been known since the ancient Greece, 
a lot of questions on the charge generation still remain unanswered [1]. Arguably, this 
initially was caused by a poor subject awareness and motivation, which, along with research 
development, became progressively replaced by an increasing number of factors and 
variables influencing the process itself and limited abilities to study them [8]. Recently, a 
growing interest in the area of powder electrostatics resulted in an improved understanding of 
the processes involved in the charge generation, yet there are still many gaps to be filled to 
complete the picture [8, 9]. However, complex nature of the powder electrostatics and its 
high sensitivity to changing conditions, such as physiochemical properties of the materials 
involved in the process, poses serious challenges in obtaining meaningful and reproducible 
experimental results and allowing drawing direct conclusions to the addressed problems [10]. 
Furthermore, it has been recently emphasised that rather poor understanding of the surfaces 
participating in the process and the interactions involved between them significantly impacts 
the current knowledge on contact charging [8].  
The purpose of this thesis is to investigate particle properties of powders and determine how 
they are related to the powder electrostatic performance. It is believed that certain particle 
characteristics could favour generation and/ or retention of the electrostatic charge on the 
material, whereas others could potentially inhibit charge generation or promote its rapid 
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dissipation. Such knowledge would provide further insight into particle charging and powder 
electrification and could be beneficial for improving safety during powder processing, 
mitigating undesired powder behaviour and aid prediction of the electrostatic behaviour of 
new engineered particles.   
1.2 Objectives 
The general objective of this research is to develop a better understanding of powder 
electrostatics using a particle engineering approach and to evaluate the effect of a number of 
particle properties on the propensity of powders to acquire and dissipate charge. The main 
hypothesis in this work is that inherent powder properties can determine the electrostatic 
behaviour of the powder and by altering these properties the electrostatic behaviour can be 
altered. 
This research aims to: 
• Develop and validate new instrumental setup for conducting the electrostatic 
measurements of powders; 
• Demonstrate the capabilities and limitations of both tribocharging and corona 
charging methodologies; 
• Determine the role of particle surface chemistry in the electrostatic characteristics of 
particles and investigate its interaction with humidity; 
• Assess the impact of crystal habit, and hence surface energy, on the electrostatic 
properties of powder; 
• Investigate the influence of amorphous phase on the susceptibility of material to 
accumulate and dissipate charge; 
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• Determine the effect of mixture composition and uniformity on the overall 
electrostatic performance. 
1.3 Thesis Outline 
This thesis is organised as follows. Chapter 1 provides a general introduction to the subject 
and defines project aims. The subsequent two chapters introduce relevant theory and 
literature background, with Chapter 2 focusing on the properties of pharmaceutical powders 
and Chapter 3 introducing the concept of electrostatics. In Chapter 3, the fundamentals of the 
phenomenon are discussed together with the measuring techniques and current challenges in 
the field. In Chapter 4, the materials used in the study are provided, with justification for their 
selection, and the main characterisation techniques employed during the work execution are 
discussed. The next five chapters present the results obtained during the study. Chapter 5 
discusses the design of the Dynamic Vapour Sorption instrument with incorporated 
Capacitive Probe. The challenges associated with the set-up design and the final procedure 
for conducting the experiments are provided. The method developed is used for studying the 
influence of surface chemical groups on the chargeability of the model material and the 
results are presented in Chapter 6. The method is compared and contrasted with the results 
obtained using a commercial method employing the corona discharge for testing the 
chargeability of powders. Along with the surface chemistry, the resulting surface 
hydrophobicity and wetting behaviour under different humidity conditions are discussed. The 
concept of surface chemistry is further tested on the prepared mannitol crystals and the 
results are discussed in Chapter 7. In Chapter 8, the analysis of the amorphous and crystalline 
phases based on lactose is carried out. Finally, in Chapter 9, the charging of a binary system 
is evaluated in the context of the mixture homogeneity and overall mixture composition, 
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using salbutamol sulphate and lactose monohydrate as a model pharmaceutical binary 
formulation. The overall thesis conclusion and final remarks are provided in Chapter 10 
together with suggestions for further work.  
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Chapter 2 Properties of Pharmaceutical Powders 
2.1 Introduction 
The ultimate goal of all pharmaceutical formulations is to deliver the active pharmaceutical 
ingredient (API), also known as drug substance, to the human body and allow it to target the 
site where the therapeutic action takes place. As the target site is usually not easily accessible 
and the drug substance cannot be delivered there directly, the API has to be formulated into a 
form, which will allow introduction of the active drug into the body whilst keeping its 
pharmacological properties unaffected. In addition, the choice of administration route and the 
formulation itself have to ensure that the API is delivered to the target in the most efficient 
and safest way possible [11]. 
The selection of currently available dosage forms is diverse. Depending on the preferred 
route of administration, the final product can come in a solid form, such as tablets, capsules 
or lozenges introduced orally or inhaled in a form of a powder, or in a liquid/ semisolid form, 
used mostly as injections in parenteral therapy, gels and ointments in topical treatment or as 
drops and syrups taken orally. Although each formulation has its own advantages and 
disadvantages, generally solid-state dosage forms remain one of the most commercially 
attractive, easily distributed and, hence, preferred dosage form [3, 11]. From a manufacturing 
point of view, the criteria such as reproducible product quality, purity and stability have to be 
met in order to achieve a reliable final product. Consequently, over 80% of all dosage forms 
are produced as tablets [12], and, with the majority of excipients being available in the 
powder form, the chances of working with solids during any stage of drug product 
development are very high [4]. 
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2.2 Pharmaceutical Solids 
Pharmaceutical solids can exist in a number of solid-state forms, depending on the 
preparation route and the conditions applied. Broadly, solids can be divided into either 
crystalline or amorphous, and this classification is based on the extent of regularity of their 
internal structure [13]. Besides that, many materials exhibit a tendency towards 
polymorphism and formation of hydrates and solvates. Due to different arrangement of 
molecules, such forms can be characterised by quite different physico-chemical properties, 
including crystal shape, surface chemistry and energy, density as well as thermodynamic 
properties, such as melting point temperature, vapour pressure and lattice energy [14]. 
The above differences have an impact on the subsequent processability of the material and 
final stability. Changing material particle size or shape can impact the powder flow properties 
and hence dictate a preferred processing route for the dosage form. Similarly, different 
surface properties can influence the material solubility and therefore lead to different 
dissolution rates and affect the release of the active ingredient from its formulation impacting 
bioavailability [14].  
Moreover, the application of the processing stress and exposing materials to various 
conditions during the formulation process, such as increased temperature upon drying and 
compaction or moisture during wet granulation can induce phase transformations and change 
the final product properties [13, 14]. For instance, it has been shown that by controlling 
temperature during milling of the selected crystalline compounds, either surface 
amorphisation or polymorphic transformation can be observed [15]. The presence of the 
amorphous phase, in turn, can lead to increased moisture sorption and hence gradual material 
plasticisation, observed by increased cohesiveness and risk of powder caking. In addition, 
being thermodynamically unstable, given enough time, amorphous regions tend to convert to 
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crystalline form [16]. This raises concerns over product stability upon storage and its 
subsequent bioavailability.  
An understanding of different solid-state forms, their transformations as well as the ability to 
detect and characterise them is crucial during the product development process. The sudden 
appearance of a new form can effectively question drug efficiency, adopted processing routes 
and manufacture and, as a result, adversely affect product stability, quality and therapeutic 
reliability.  
2.2.1 The Crystalline State 
In crystalline solids, the individual structural components, i.e. atoms, also referred to as 
lattice points, are arranged in a regular ordered lattice. The crystal lattice stretches in three 
dimensions resulting in a long-range periodicity that characterises all crystalline materials. 
The smallest repeatable structural unit is termed unit cell, and can be described by 
translational vectors a, b and c, providing its size, and by angles α, β and γ between the axes 
providing the information on the angles between the planes (Figure 2.1).  
 
Figure 2.1 Single unit cell within a crystal lattice 
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The molecules within the crystal lattice are held mainly by van der Waals forces and, in some 
cases, by additional hydrogen bonds [17]. The regular arrangement of the molecules results in 
the crystals exhibiting characteristic shapes, related to the unit cell.  
2.2.1.1 Classification 
Based on the values of the vectors (a, b, c) and angles (α, β, γ), 7 different types of unit cells, 
termed crystal systems, are possible. Depending on the location of the lattice points within 
the unit cell (primitive, face-centred, body-centred, base-centred), the crystal systems can be 
divided further into 14 Bravais lattices. These are summarised in Table 2.1. 
Crystal system 
(Bravais lattice) 
Parameters  
  
Shape 
Cubic  
(Primitive, Face-centred, 
Body-centred) 
a = b = c α = β = γ = 90° 
 
Tetragonal 
(Primitive, Body-centred) 
a = b ≠ c α = β = γ = 90° 
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Orthorhombic 
(Primitive, Face-centred, 
Body-centred, Base-
centred) 
a ≠ b ≠ c α = β = γ = 90° 
 
Rhombohedral  
(Primitive) 
a = b = c α = β = γ ≠ 90° 
 
Monoclinic 
(Primitive, Base-centred) 
a ≠ b ≠ c α = γ = 90° ≠ β 
 
Triclinic 
(Primitive) 
a ≠ b ≠ c α ≠ β ≠ γ 
 
Hexagonal 
(Primitive) 
a = b ≠ c α = β = 90°  
γ = 120° 
 
Table 2.1 Crystal systems [18] 
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2.2.1.2 Miller Indices and Planes 
Due to the regular arrangement of the components and the continuous array formed, well-
defined crystal planes, also called facets, can be identified within the crystal structure. These 
are described by Miller indices, denoted (hkl), which provide information on the orientation 
of the planes in relation to the unit cell. Specifically, the hkl values determine the points in 
which the plane intersects the unit cell axes, according to: a/h, b/k and c/l. For example, the 
(110) facet intersects axes a, b and c at points a, b and ∞ (Figure 2.2), with infinity indicating 
that the plane is parallel to the c axis.  
 
Figure 2.2 Orientation of the crystal plane defined by the Miller indices. 
The relative growth of the crystal facets during the crystallisation process results in the 
formation of crystals with a distinct crystalline shapes (habit) [19]. The preference towards a 
specific shape is determined by the intrinsic properties of the crystals, for example the 
interplanar spacing, but can also be further impacted by changing the parameters during the 
crystallisation process, such as the type of solvent [17, 20].  
The crystal shape adopted by a material has important implications on its properties. As the 
molecules show fixed arrangement within the crystal lattice, different functional groups can 
be exposed on different planes. This in turn may have a direct effect on the crystal wettability 
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and surface energy, as illustrated for macroscopic crystals of paracetamol [21], aspirin [22] 
and mannitol [23]. Furthermore, crystal morphology has a significant impact on the 
subsequent powder handling and processability [17]. For example, smooth spherical particles 
tend to show much better flow properties compared to elongated particles, due to reduced 
friction and mechanical interlocking [24-26].  
In addition, large variations in bulk/ tapped densities as well as compactibility and 
compressibility of spherical and elongated particles have been observed [27], which directly 
impacts powder packing and manufacturing, for instance, during tableting processes [28]. It 
has also been suggested that material performance during operations such as milling can be 
particle shape dependent due to the existence of preferential slip planes dictating fracture 
behaviour [29]. Finally, in addition to the properties mentioned above, it has been observed 
that crystal shape can affect the dissolution process and ultimately the final drug performance 
[17].  
2.2.1.3 Crystallisation and Crystal Growth  
Crystalline solids are usually formed by cooling and subsequent precipitation from a solution. 
In order for crystallisation to occur, a saturated solution has to first be obtained by dissolving 
material in a solvent of interest. A saturated solution is obtained when, under a specific 
temperature, no more solid can be dissolved in the specific volume of solvent. Once the 
temperature is increased, more material can be dissolved until the saturation point is achieved 
again [30].  
In order to precipitate the material out, usually the temperature is lowered to promote crystal 
formation due to a decrease in solubility. However, a delay in crystallisation is usually 
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observed due to a metastable zone, as illustrated in Figure 2.3, and the solution enters a 
supersaturation zone.  
 
Figure 2.3 Schematic solubility diagram (adapted from [31]) 
Nucleation is the first step towards the formation of a new solid phase. As the saturated 
solution is cooled down, the metastable zone is reached, where any already existing crystals 
can grow, but nucleation does not occur. The formation of new nuclei requires overcoming 
the energy barrier associated with the formation of a new phase, as given by the Classical 
Nucleation Theory (CNT) equation 2.1. 
∆𝐺 =    !!𝜋𝑟!∆𝐺! + 4𝜋𝑟!𝜎                                 Equation 2.1 
where ΔG is the total free Gibbs energy, r is the radius of a new nucleus, ΔGv is the 
difference in energy between the two phases (always negative) and σ is the interfacial energy 
of the nucleus and the surrounding phase.  
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The CNT provides a simplified model to understand the formation of a new thermodynamic 
phase, such as liquid or solid. The theory assumes that nucleus possess the same properties as 
the macroscopic stable phase and that sharp interfacial boundaries exist between the phases. 
The free energy of a new nucleus being formed is given by Equation 2.1. In the equation, the 
first term is the volume term representing the contribution coming from the bulk free energy 
of the spherical nucleus. The second term is the surface term accounting for the formation of 
the new interface, and therefore is proportional to the surface area of a sphere. The two terms 
vary differently with r, and therefore, for some intermediate value of r, the ΔG reaches the 
maximum value. The radius corresponding to the ΔGmax is called the critical nucleus radius, 
and describes the minimum size that has to be formed by molecules in order to form a nuclei 
stable enough to grow [32].  
The process described above is called homogenous nucleation, where no surfaces are 
involved in the process. In reality, however, most crystallisation occurs via heterogenous 
nucleation, where impurities or other foreign surfaces promote nucleation by lowering the 
energy barrier [33]. These two processes are termed primary nucleation. In addition, if 
crystals of the same material already exist in the solution, they can act as nucleating crystals 
also called seed crystals, giving rise to secondary nucleation [30]. 
After initial nucleation, crystal growth occurs by addition of the subsequent molecules onto 
the existing nuclei leading to a formation of a crystal with defined size and shape. During this 
process, a number of different events can take place, such as direct attachment of molecules 
to the crystal lattice, diffusion from the crystal and formation of kinks and planes, which may 
all affect the packing pattern. The final crystal habit is determined by the relative growth 
rates of the individual facets, with the slowest growing facet being the most dominant [30].  
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The crystal growth and parameters influencing crystal habit are subjects of continuous 
research aimed towards better process control and optimisation. The factors such as level of 
supersaturation [34], type of solvent [35], agitation rate or cooling rate [36] may all affect the 
crystal growth and hence crystal habit, influencing the subsequent product properties and 
performance.  
2.2.2 Polymorphs 
Pharmaceutical solids show a tendency towards polymorphism, which can be described as 
ability to exist in two or more different crystalline phases, called polymorphs. Polymorphs 
have the same chemical structure, however they possess different arrangements of the 
molecules within a crystal lattice resulting in distinct internal structures. In some cases, 
solvent molecules can become incorporated within the crystal structure, giving rise to 
solvates. According to the ‘strict’ definition of polymorphism, these should be considered as 
separate materials, because their chemical structures are essentially different, however they 
are sometimes considered as ‘pseudopolymorphs’ [14]. For this reason, solvates are reviewed 
separately in Section 2.2.3. 
The relative stability of polymorphs can be determined from their free energy difference at a 
set of different temperatures. If one of the polymorphs has lower free energy than the other at 
a particular temperature, it is considered more stable, and the less stable polymorph will 
convert spontaneously to the more stable one. The temperature at which the two polymorphs 
have the same free energy, and hence show equal stability, is called the transition temperature 
(Tt) [14, 37] (Figure 2.4). 
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Figure 2.4 Energy diagram of polymorphs 
If the Tt is below the melting points of the polymorphs, the polymorphs are called 
enantiotropic (for example, I and II in Figure 2.4), meaning they can transform from one to 
another. However, if the Tt is above the melting points of the polymorphs, they are called 
monotropic (for example, II and III in Figure 2.4), meaning the conversion between them is 
not observed. Once a pair of polymorphs is identified, the ultimate goal is to determine their 
relative thermodynamic stability to establish which one is more stable under specific 
conditions and whether transformation can take place if the conditions were to change [14].  
The ability to identify and characterise different polymorphs in the early stages of drug 
development is vital for the product development, as polymorphs may exhibit different 
physical properties [37], affecting drug processability [38, 39]. For example, two 
polymorphic forms of aspirin show different melting points, crystal habits and possess 
different mechanical properties [37]. In addition, if unexpected polymorphic transition occurs 
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at some point, the characteristics of a new form can significantly impact the overall product 
performance [40, 41].   
2.2.3 Solvates and Hydrates 
During the crystallisation process, solvent molecules may become incorporated into the 
crystal lattice of the crystallising solid leading to the formation of a solvate. Quite often, 
water becomes the integrated solvent, and the resulting form is referred to as a hydrate 
specifically. 
The presence of water within the crystal structure can promote overall crystal stability by 
filling the gaps between the molecules, but also by formation of hydrogen bonding [14].  
Hydrates can exist in a form of isolated sites, where no direct contact between the water 
molecules exist, channel hydrates, where water molecules are aligned with the lattice axis 
forming channels, and as ion-associated hydrates, when metal ions are incorporated with 
water molecules.  
Stability of hydrates, their formation or dehydration, is strongly affected by the surrounding 
environmental conditions. At low relative humidity (RH) conditions, material can repel water 
from its structure, whereas the reverse process is possible at high RH conditions [42]. Such 
events can be detected from the water sorption experiments using, for example, dynamic 
vapour sorption (DVS) [43]. Similarly, temperature can affect the hydrate state, where quite 
often dehydration is observed if the material is exposed to sufficiently high temperature 
conditions [42]. The dehydration process can be easily determined based on the differential 
scanning calorimetry (DSC) and thermo-gravimetric analysis (TGA) measurements, observed 
as an endothermic peak and loss in weight, respectively [44]. Other methods successfully 
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used for identification and characterisation of hydrates and corresponding phase 
transformations include X-ray diffraction (XRD) [44, 45], Karl Fischer titration, infra-red 
spectroscopy [43], Fourier-tranform infrared spectroscopy (FT-IR) [46] and Raman 
spectroscopy [47]. 
Characterisation and detection of hydrates should not be underestimated as many 
pharmaceutical materials exhibit a tendency towards hydrate formation with lactose, a 
common excipient, being an example. Moreover, many unit operations employed during 
formulation and manufacturing stages, such as milling, wet granulation or drying, can 
potentially promote hydration or dehydration processes. Thus altering not only formulation 
behaviour, like flow and caking, but also affecting the final product stability. In addition, 
storage itself and exposure to different humidity conditions have to be controlled as they can 
alter the stability of the formulation if hydrates are involved [43]. 
2.2.4 The Amorphous State 
In contrast to the crystalline phase, the amorphous state is characterised by lack of long-
ranged periodicity in its internal structure, however it can possess some degree of short-range 
ordering. This unique structure, where atoms and molecules are randomly oriented showing 
liquid-like arrangement, has significant implications on the material properties, 
characterisation and behaviour, hence presenting new possibilities but also significant 
challenges. 
When the same material is prepared in crystalline and amorphous state, the amorphous state 
will always possess a higher Gibbs free energy, enthalpy, entropy and volume. This 
consequently makes the amorphous state unstable with respect to the crystalline state and, in 
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fact, an amorphous phase is considered metastable at any environmental conditions. 
Therefore, upon aging, given enough time, it will gradually transform into a more stable 
form. The conversion process can also be triggered by exposing the material to different 
conditions, such as elevated temperature or high humidity [13, 48]. Due to increased volume, 
amorphous materials show much greater water capacity compared to the crystalline phase. 
However, absorbed water acts as a plasticising agent providing extra mobility to the 
molecules within the amorphous structure. Similarly to the increased temperature, once given 
enough mobility, the molecules can rearrange into the more energetically favoured stable 
arrangement, effectively resulting in a crystallisation process [49].   
Unlike crystalline solids, amorphous materials do not have a melting point, as usually re-
crystallisation occurs prior to the solid melting. However, due to their unique mechanical 
properties, they can be characterised by the glass transition temperature, Tg (Figure 2.5). The 
Tg corresponds to the temperature at which an amorphous state changes from a glassy to 
rubbery state. In the region between the melting point and the glass transition temperature, 
the rubbery state is observed. It can also be termed as ‘supercooled liquid’, because the 
volume and enthalpy continue to change in the same fashion as the liquid state (Figure 2.5). 
In addition, some degree of molecular mobility is still observed under these conditions [13].  
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Figure 2.5 Phase diagram of amorphous/ crystalline state 
However, as the temperature is reduced below the glass transition temperature, a phase 
transition takes place and a glassy phase is formed.  This results in a significant reduction in 
molecular mobility, as well as volume and enthalpy, which no longer follow the trend 
observed for liquids (Figure 2.5) [13, 50]. Glassy materials are characterised by increased 
rigidity and brittle behaviour. Therefore, their mechanical properties are substantially 
different from elastomer-like properties exhibited by the rubbery state [51]. Consequently, by 
changing the temperature during processing, the mechanical properties of the formulation can 
be altered, which could have important consequences on the product performance, such as 
tablet hardness and drug release profiles [52].   
Amorphous phases can be generated deliberately upon rapid cooling of the solution, for 
example during spray drying or lyophilisation process, to obtain desired material properties, 
like improved dissolution performance. However, amorphisation can also occur 
unintentionally as a side effect during milling, compaction or granulation processes. In the 
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second case, it is very important to be able to detect the formation of the amorphous phase, as 
its presence can impact product properties and stability [13].  
Due to the lack of the regular arrangement of the atoms, as in crystalline solids, the amount of 
information gained from XRD, a very powerful technique for structure determination, is quite 
limited. Instead of well-defined peaks, a characteristic halo is obtained. However, once a 
calibration curve is obtained, the degree of crystallinity, and hence amorphous content down 
to 5%, can be estimated [53]. Other techniques employed for the characterisation of the 
amorphous phase include DSC, which usually provides glass transition temperature, but also 
can detect the phase transformation to about 5% [53], although in some cases detection of 
even lower amorphous levels was claimed [54]. In addition, methods such as DVS [55-58], 
inverse gas chromatography (IGC) [59-61], with detection limits of about 0.05% [58] and 1% 
[59], respectively, and spectroscopic techniques [62, 63] have been used for both qualitative 
and quantitative analysis of amorphous materials.  
2.3 Effect of Processing on Powder Properties  
Throughout the product development process, from the initial drug product candidate to the 
final dosage form, pharmaceutical powders are subjected to multiple operations aiming 
towards optimisation of their properties and formulating the product.  
In Section 2.2, the properties of pharmaceutical materials and their impact on the subsequent 
processability have been discussed. However, each unit operation is likely to induce 
irreversible changes in the powder bulk and particle properties, hence changing its 
performance further.  
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In Figure 2.6 some of the most commonly applied operations during product development are 
presented. Each pharmaceutical formulation consists of a minimum of two components, i.e. 
active ingredient (API) and excipient, however typically more than one excipient is added. 
The individual powders possess their own characteristics, such as size distribution and shape, 
however often further processes have to be applied to achieve particular properties 
specifically for their further formulation. 
 
Figure 2.6 Process unit operations applied during pharmaceutical development. 
As a large proportion of active components belong to Biopharmaceutics Classification 
System Class II and IV, meaning they show poor solubility [64], they tend to be prepared as 
fine powders and the size reduction is often performed by comminution [65]. However, apart 
from the size reduction itself, many other particle parameters become modified as well. For 
example, the final particle shape can be dictated by the particle fracture along preferential 
planes [29], whereas multiple particle-particle and particle-wall collisions can lead to 
formation of defects [66], increase in surface roughness and increased specific surface area 
[67]. Depending on the process parameters, the defects generated can be significant enough 
to disrupt the crystal lattice and hence partial surface amorphisation can be observed [68]. 
Formation of the amorphous phase is frequently encountered upon spray drying [69] and 
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lyophilisation processes [70]. In addition, by controlling the process parameters, size 
distribution [71], shape and degree of amorphicity can be altered as well [72].  
Further processing carried out during the formulation stage, when most of the components 
are combined, can have a significant impact on the characteristics of the final powder 
mixture. For example, increased moisture during storage or mixing can lead to increased 
powder cohesion and hence affect the flow properties [73] or even lead to powder caking 
[74]. Similar effects can be even more pronounced during wetting prior to wet granulation. In 
addition, compression has been shown to result in an increased particle surface area [75] and 
changes in shape due to particle fracture [76].  
Consequently, it is important to not only understand the initial properties of powders and how 
these affect the subsequent powder behaviour and processability, but also be aware of the 
impact of processing itself on the powder characteristics. A more in-depth discussion of the 
interactions between the processing and powder properties is provided in the excellent review 
by Shah et al. (2017) [77]. 
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Chapter 3 Electrostatics of Powders 
3.1 Fundamental Concepts in Electrostatics 
3.1.1 Charge and Coulombic Forces 
The phenomenon of electrostatic attraction was first observed by the Greek philosopher and 
mathematician, Thales of Miletus, as early as around 600 B. C. Thales noticed that, under 
certain conditions, amber was capable of attracting light materials, such as feathers or paper 
[78]. As a result of this observation, the word ‘electron’ was introduced, which comes from 
the Greek word ‘ελεκτρον’, meaning ‘amber’ [79].  
 
Figure 3.1 Common materials arranged in a triboelectric series (based on [79]) 
Relatively little progress in the understanding of electrostatics was made until the 18th 
century, when very early experiments, similar to those conducted by Thales, were performed 
by French and English scientists which resulted in the generation of the first triboelectric 
series. A triboelectric series is a list that ranks materials according to their tendency to 
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acquire negative charge (at the bottom of the list) or positive charge (top of the list) relative 
to each other (Figure 3.1).  
In 1733, the French physicist, Charles Dufay differentiated between attractive and repulsive 
interactions, whereas approximately around the same time, another French physicist, Charles 
Coulomb began his work in understanding the force of attraction [79]. However, it was only 
in 1891, when the word ‘electron’ was used for the first time as a measure of electricity, still 
before the theory of structure of atom was developed [79]. Nowadays, electrons are 
commonly considered to be elementary particles of matter, along with neutrons and protons. 
Electrons are characterised by a negative charge, as opposed to protons, carrying a positive 
charge. Electric charge, e, is the fundamental property of these subatomic particles, and 
define the smallest possible unit of charge equal to 1.6 x 10-19 C [80].  
Both electrons and protons carry the same charge magnitude, equal to e, but have opposite 
polarities. Like charges repel and opposite charges attract each other, and the force exerted by 
one body on a second body is determined by Coulomb’s law, as given in equation 3.1 [80]. 
𝐹! = 𝑘! !!!!!!                                                   Equation 3.1 
𝑘! = !!!!!!!                                                   Equation 3.2 
where Fc is the force of interaction between bodies 1 and 2, having the charge Q1 and Q2, 
respectively, and being separated by distance r. ke is Coulomb’s constant, given by equation 
3.2, where ε0 and εr are the permittivity of free space and the relative permittivity of the 
environment surrounding the bodies. 
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3.1.2. Field, Potential Energy and Voltage  
Any charged body, Q1, produces an electric field, E, that spreads out evenly from the body. 
Its strength is described by the force, F, that would be exerted on a hypothetical point charge, 
q, placed within the field, as given by equation 3.3. 
𝐸 = !!                                                      Equation 3.3 
The presence of the electric field as such is independent from any other charges placed within 
it and their location. It only depends on the charge that gives rise to it. This can be easily 
illustrated when equations 3.1 and 3.3 are combined into equation 3.4, which represents the 
strength of the field at a charge point q placed at r distance from the electric field source [81].  
𝐸 = !!!!!                                            Equation 3.4 
For a spherical object, the electric field is represented by the lines spreading in all directions 
(Figure 3.2) [80].  
 
Figure 3.2 Electric field of a point charge 
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The energy required to move a charge Q between two points in the electric field, E, is called 
the electrical potential energy, U, which is measured in Joules. The potential energy per unit 
charge (U/q) is often referred to as an electric potential, denoted by V, and is measured in 
joules per coulomb [81].  
The electric potential is a property of the field itself, and if a difference in the electric 
potentials of the two points is taken, the voltage (also known as the potential difference) is 
obtained. The voltage can also be obtained by integrating the field strength between the two 
points separated by a distance l (Equation 3.5).  
∆𝑉 = 𝑉 𝐴 − 𝑉 𝐵 = 𝐸  𝑑𝑙!!                             Equation 3.5 
The potential difference is denoted by ΔV and measured in volts (joule per coulomb), 
however V is also used, assuming the reference potential is zero [82].  
3.1.3 Types of Materials 
Following Thales’s observation, an initial classification of materials was made by an English 
astronomer Stephen Gray. Materials capable of dissipating charge were termed conductors, 
whereas those capable of retaining the charge were called either non-conductors or insulators 
[79].  
Nowadays, a similar classification is adopted which is based on a material’s resistivity (or, 
alternatively, conductivity) value. Resistivity, denoted by ρ, is an intrinsic property of the 
material, determining how much it restricts the flow of current (I), i.e. the flow of electric 
charge, according to equation 3.6. 
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𝜌 = 𝑅 !! = !! !!                                                Equation 3.6 
where R is resistance (ratio of voltage V to current I), and A and l are object cross sectional 
area and length, respectively.   
The conductivity, denoted by κ, is the inverse of resistivity, and provides information on a 
material’s ability to conduct electric current.  
Materials characterised by large values of conductivity, or small values of resistivity, are 
called conductors, as they exhibit little resistance to the flow of current, allowing the free 
movement of electric charge [80]. If an excess of charge is present, conductors are capable of 
depositing it to the ground rapidly which prevents large charge accumulation [83]. Metals, 
such as copper and iron, are excellent conductors due to their highly delocalised free 
electrons present in the structure [80]. In contrast, materials that show high values of 
resistivity are termed insulators, as they restrict the flow of current through them. This is due 
to their electrons being tightly bound to the atoms. Common examples of good insulators 
include wood and rubber [79, 80]. Further, pharmaceutical powders tend to be classified as 
good insulators as they show resistivities in the range of 1013 Ωm [9, 83]. 
3.2 Contact Charging and Tribocharging 
As first observed by Thales of Miletus, charge can be generated upon contact of two 
materials, a process known as contact charging [9]. In contact charging, when physical 
contact is made between two dissimilar surfaces followed by their subsequent separation, the 
charge is created on both surfaces. If, during the contact, relative sliding or rubbing of the 
surfaces is observed, then the process is referred to as tribocharging or triboelectrification [5]. 
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The word ‘tribo’ comes from Greek and means ‘rubbing’ [9]. However, usually a precise 
description of the actual interaction involved may be difficult, and comprise of a combination 
of different processes, such as sliding or impact, and therefore often triboelectric charging is 
used as a general term for contact electrification phenomena [84]. In addition, the word 
‘dissimilar’ referring to the surfaces involved in the contact is somewhat misleading, as 
charge generation has been reported between the surfaces of the same material [85, 86]. 
Hence, ‘dissimilar surfaces’ can potentially include chemically-comparable surfaces, yet 
possessing different physical properties such as surface morphology, defects or impurities 
[87]. 
Contact charging, and the possible interactions accounting for it, can be considered based on 
the type of materials involved in the contact, and hence divided into three categories: metal-
metal, metal-insulator and insulator-insulator charging [9]. Out of the three, metal-metal 
charging in still the only system that is well understood and may be explained using the 
theory of work function and electron transfer [5]. The other two systems are significantly 
more complicated, due to different material structures and a lack of freely moving electrons, 
and therefore alternative theories have been developed and proposed to account for charge 
formation [84].  
3.2.1 Work Function and Contact Potential Difference 
The concept of work function is widely adopted for accounting for the charge developed 
upon contact of two metal surfaces. The charge acquired by the two metals is usually not 
observed, due to rapid charge migration, unless the materials are electrically isolated [84]. 
The work function, ϕ, is a measure of the minimum energy required to remove an electron 
from the material’s surface, sometimes referred to as the Fermi level [9]. When two metals 
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with different work functions come in contact, a contact potential difference is developed 
(VC), as described by equation 3.7 [88]. 
𝑉! = − !!!!!!                                              Equation 3.7 
where ϕ1 and ϕ2 are the work functions of metal 1 and 2 and e is the elementary charge.  
In order to establish the thermodynamic equilibrium on the material contact, electron transfer 
can take place via tunnelling from the material with lower work function to the material with 
higher work function [9, 84]. The magnitude of charge transferred can be calculated based on 
the equation 3.8 [84]. 
∆𝑞 = 𝐶𝑉!                                                Equation 3.8 
where Δq is the magnitude of charge, C is the capacitance between the surfaces at a distance 
where charge no longer takes place and VC is the contact potential difference.  
In practice, the experimental values recorded tend to be lower compared to the theoretical 
ones, however, the discrepancies are relatively small and are assumed to result from surface 
modifications, such as presence of oxidised layer of impurities, as well as mechanistic 
factors, like the separation speed [88]. 
3.2.2 Effective Work Function 
An analogous concept of electron transfer due to difference in work functions has been 
applied to the metal-insulator system, giving rise to effective work function being assigned to 
the insulator [88, 89]. It is believed that upon electron transfer, the energy levels of the two 
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materials reach equilibrium and the work function for the insulator can be calculated [89]. 
The concept has been supported by some experimental data [89, 90], however, others argue 
that the electron transfer should not be applied in the case of insulators due to their different 
electronic structure [8, 84]. 
3.2.3 Surface State Model 
The surface state model has been then proposed as an alternative model for systems where no 
free electrons are present, such as insulator-insulator contact charging. The model still 
proposes the exchange of electrons upon contact, however, the movement of electrons is 
limited to the surface only, referred to as the ‘surface state’ [88]. In addition, the driving force 
for the process is, similarly to the concept proposed for the metal-insulator system, the 
difference in the effective work functions [84]. Consequently, for some systems, for example 
for toner particles used during electrophotography, the concept adopted has provided accurate 
results [91], however, the mechanism for electron transfer itself is still arguable when 
insulating surfaces are involved, as they do not possess free electrons [8, 9].  
3.2.4 Ion Transfer  
As previously described, not all materials possess free electrons accessible for electron 
transfer, and therefore it was suggested that an alternative mechanism may be responsible for 
the tribocharging. It was suggested that ions could possibly give rise to the charge, if they 
become transferred between surfaces upon contact [88]. Initially, it was suggested that the 
ions originate from water adsorbed on the material’s surface, and as such cannot lead to 
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charge formation considering the conducting properties of water. Consequently, at the time, 
the idea of ion transfer did not gain much popularity [84].  
More recently, further attention is being paid to the role of ions, since ionic charge control 
agents have been successfully used in the electrophotography industry for charge control [84, 
92]. Although the exact mechanism is still not fully explained, it is believed that ionic species 
that are not covalently bound to the surface called ‘mobile ions’ can migrate between the 
surfaces leading to charge imbalance [8]. For a number of polymers, the polarity of the 
charge developed on the surface was related to the sign of the ion covalently bound to the 
surface, whereas if more than one ion is present, it was concluded that small ions migrate 
preferentially to large ions [92]. In addition, it has been suggested that adsorbed water does 
not only promote charge dissipation, but may also be a source of mobile ions [93, 94]. The 
surrounding moisture has been identified as a ‘source and sink’ of charge [95, 96], and, for 
some materials, a preference towards adsorption of certain ions has been reported [94]. On 
the other hand, charge development between non-ionic polymers has been observed, even 
when no water was available [8]. 
3.2.5 Material Transfer 
When two surfaces come into contact, the transfer of material in the nanometre or micrometre 
range from one surface onto another can take place [9]. This can include fragments of the 
clean surface but also dust or any impurities present [84]. The transfer of material is likely to 
occur when sliding, friction or impact are involved leading to bond breaking, especially for 
friable materials [9]. As most of the material transfer tends to occur during the first contact, it 
has not been considered to be a primary mechanism leading to charge generation when 
repeated contact between surfaces is involved [8, 97]. It was however, pointed out that 
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material transfer could contribute to the charge generated upon the first contact through so 
called surface conditioning, and other mechanisms could be dominant during further 
interactions [97].  
More recently, transfer of material in the form of localised lumps has been observed and the 
presence of charges, confirmed using Kelvin force microscopy, was attributed to the bond 
cleavage followed by the reaction with water or atmospheric oxygen [8]. Moreover, it was 
suggested that upon material transfer, water molecules present on the surfaces can become 
dislocated and lead to the preferential adsorption of hydroxide (OH-) and hydronium (H3O+) 
ions on different parts of the rubbed surfaces [8, 98]. Again, this illustrates that often more 
than one mechanism could contribute to the overall charge observed, depending on the 
materials used, type of interaction between them and external conditions present during the 
surface contact [1].  
3.2.6 Bipolar Charge 
As indicated by a triboelectric series, the electrostatic properties of materials tend to be 
characterised based on their propensity towards accumulation of either positive or negative 
charge, followed by the magnitude of charge acquired [99]. Such classification and thus 
approach adopted during studies stems not only from the historical path, but, more 
importantly, from the fact that most common techniques employed for charge measurements 
fail to detect positive and negative charges simultaneously [99]. The Faraday cage (Section 
3.4.1.1) is a classic example of an instrument routinely used for measuring electrostatic 
charge, yet it is only capable of detecting the net charge, i.e. sum of positive and negative 
charges, on the material tested, therefore masking any potential bipolarity in charge (Figure 
3.3) [100, 101].  
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Figure 3.3 Bipolarly charged particle (based on [100, 102]) 
The presence of both positive and negative charges on a surface subjected to tribocharging 
has been reported for various systems, including polymers [103, 104], pharmaceutical 
powders [102, 105] and aerosols [101, 106, 107], and therefore could be assumed a common 
phenomenon rather than an oddity [98]. In fact, the lack of information on the existence of 
bipolar charging could be more due to the instrument’s limitation in detection [99]. 
Moreover, it has been suggested that the net charge equal or close to zero could actually 
result from approximately equal amounts of positive and negative charges present, as 
opposed to the lack of any charge on the surface [9]. Consequently, the concerns over a 
suitable mechanism have been raised, as an appropriate charge carrier would be required to 
achieve formation of charges of both polarities [98]. Taking this into account, both material 
transfer and ion formation have been proposed [8], but also multiple interactions with various 
surfaces, like in the case of powders, have been suggested to lead to the generation of 
distribution of charges [106]. 
3.2.7 Charge Decay  
Along with an increasing interest in charge generation processes, there is a strong desire to 
understand the subsequent charge dissipation process [108]. This is especially important in 
the areas where careful control of static charge is required but also is beneficial when general 
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material handling is considered, as residual charges can influence the material behaviour 
[100, 108].   
When highly conductive materials, such as metals, are considered, the charge decay process 
is quite rapid due to a free movement of the electrons across the material. The charge 
dissipation is usually so fast, that charge accumulation is not observed, as any excess of 
charge can quickly be neutralised by the flow of electrons to or from the metal to another 
material or to the ground [88]. However, in the case of insulators, the movement of charge is 
more restricted and the charge developed could reside on the surface for a prolonged time 
[94], as has been shown for a number of materials [109-113].   
 
Figure 3.4 Schematic representation of possible charge dissipation routes A: surface 
conduction, B: bulk insertion and C: air recombination 
In general, three main processes contributing towards charge decay have been proposed and 
include surface conduction, bulk insertion (also called charge injection) and discharge 
through the atmosphere (Figure 3.4) [111, 112]. Less commonly, charge polarisation has also 
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been suggested [114]. Currently, there is no clear agreement or justification on which of these 
processes could be the more significant and, depending on the conditions applied, interplay 
between them could also occur [112, 114]. 
Bulk insertion and surface conduction are associated with a gradual migration of charge away 
from the point where it has been initially generated. In the former, the process tends to be 
driven by the intrinsic material conductivity and can involve recombination of charge carriers 
of the opposite polarity [112]. However, no clear idea on the possible carrier types and their 
mobility exist [115]. In the second case, as the name suggests, a similar process takes place, 
however, this occurs mainly on the sample surface, possibly due to the electric field 
generated by localised charges. It has been pointed out, however, that the process might lead 
to the charge redistribution only, with the total charge remaining unaffected [112].  
The third process accounting for charge dissipation is associated with a phenomena taking 
place at the solid-gas interface. It has been proposed that free ions present in the atmosphere 
could potentially deposit on the surface. Deposited ions could partially balance out the charge 
already present on the surface or the actual recombination with the charge could take place 
[112]. More specifically, it has been suggested that water present in the atmosphere could 
serve as ‘a source and sink of ions’ [94] and by the adsorption of [OH(H2O)n]- and 
[H(H2O)n]+ ions the overall charge of the surface can be reduced [115]. 
The analysis of charge or potential decay curves is usually quite complicated due to a number 
of reasons. First of all, highly insulating materials tend to be characterised by a long decay 
times, varying from a few hours to several days, making data recording time consuming and 
laborious [116]. Efforts have been made to represent decay curves in the form of a linear 
plots derived from a limited number of data points [116, 117], however, deviations from the 
linear trend tend to be observed and concerns about data validity closer to equilibrium have 
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been raised [117]. In addition, this approach could be quite reliable on the data collected at 
the beginning of the charge dissipation process, yet it has been noted that different measuring 
methods may utilise different starting points for the measurements, hence making analysis 
and comparison difficult [118]. 
Furthermore, a typical decay curve is characterised by a rapid initial charge decay rate, 
followed by a more gradual reduction in the dissipation process which, eventually, reaches a 
plateau value [113, 117]. Even though the general shape seems to be quite universal, certain 
factors, such as the initial charge deposited [119], may affect the shape of the curve. In 
addition, electrostatic charge relaxation curves tend to be described using an exponential 
equation (Equation 3.9), however, most of the curves do not follow this trend perfectly, but 
instead may be modelled by creating a composite of several exponential curves [117, 120].  
𝑄 𝑡 = 𝑄!exp  (− !!  )                                   Equation 3.9 
where Q(t) is charge at time t, Q0 is the saturation charge and τ is the characteristic time 
constant [117]. 
3.3 Measurement Techniques 
Currently, no standard instrument for measuring electrostatic charge and the subsequent 
charge decay characteristics of materials is established. The existing methods successfully 
applied for this purpose can be divided into two categories as either static or dynamic 
techniques. In static methods, the charge is measured based on the charge transferred or 
induced by the material of interest to the measuring device. In dynamic methods, on the other 
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hand, the charge is measured based on the charge mobility in an electric field, as the velocity 
of the particle in an electric field depends on its size and charge [99, 121].  
3.3.1 Static Measurements 
3.3.1.1 Faraday Pail 
The Faraday pail is a simple instrument consisting of two conductive containers, one placed 
inside another and separated by an insulator [99] (Figure 3.5). The outer container is 
grounded and provides shielding from any charges or electric field that could interfere with 
the measurement. The inner container is electrically isolated to limit the charge leakage and is 
connected to an electrometer, which measures the charge once a material of interest is placed 
inside the inner container [99, 100]. The charge from the material experienced by the inner 
container is balanced by the charge flowing to or from earth through the electrometer, and its 
value is recorded [100].  
 
Figure 3.5 Diagram of the Faraday pail (based on [100]) 
The basic form of the Faraday pail, as well as further modifications to this system, have been 
employed for charge measurements on various materials as a result of different handling and 
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processing operations [122-128]. It is claimed to be quite a sensitive system with a number of 
factors that could potentially interfere with the measurements [129], which could explain 
large possible large variations in the values obtained [100]. The Faraday pail provides the net 
charge measurement and therefore bipolar charge within the sample cannot be detected [100]. 
3.3.1.2 Impaction Methods 
Typically, cascade impactor instruments are commonly used for measurement of the 
aerodynamic particle size distribution of pharmaceutical aerosols, based on their fractionation 
via impaction on stages with different cut off diameters. The fact that pharmaceutical 
powders can accumulate charge was employed in Electrical Low Pressure Impactor (ELPI) 
and used for determination of particle concentration and size distribution in real-time.  
Correlation between the current measured using a series of electrometers for post-corona 
charged particles and a series of impaction stages provided an excellent method for 
measuring particles in a sub-micrometer size range [130].  
Later, ELPI (Figure 3.6) was modified, giving rise to modified ELPI, to actually measure 
inherent charges on aerosolised particles from nebulisers and inhalers. The instrument was 
improved to meet practical requirements such as for example dispersion flow rate. The 
powder can be internally charged by a corona discharge, however typically charging due to 
aerosolisation is studied [99, 131]. In a number of studies, modified ELPI has been employed 
to measure the charge developed on the powder particles due to actuation from an inhaler 
device [131-134].  
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Figure 3.6 Diagram of the Electrical Low Pressure Impactor (based on [99]) 
 
Figure 3.7 Diagram of the electrical Next Generation Impactor (based on [102]) 
A similar device, providing the charge measurements of fractionated aerosolised powders, 
however operating with a much broader range of air flow rates and having a different 
configuration, was developed based on the next generation impactor (NGI) and called an 
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electrical Next Generation Impactor (eNGI) (Figure 3.7) [99]. The NGI is an industry method 
used for the determination of aerodynamic particle size distribution of inhaled formulations. 
eNGI is capable of providing both mass and charge measurements of particles deposited on 
each stage, and, unlike the ELPI, it is able to operate under flow rates relevant to 
pharmaceutical applications [133].  
3.3.1.3 Induction Probes 
In contrast to the instruments discussed above, induction probes have the advantage of 
operating in a non-contact mode, meaning no direct contact has to be made between the 
measuring device and material carrying the charge [9]. Typically, the probe is placed in close 
proximity to the charged material and relies on measuring the surface potential or electric 
field due the charge present [121]. Consequently, the material does not have to be moved 
from its initial position, which, by itself, could modify the charge being measured [102]. In 
some cases, the measurement repeatability could be potentially improved as instrument 
contamination and cleaning are avoided when a non-contact method is applied [135]. A more 
detailed description of how induction probes operate is provided in Section 5.2.  
Induction probes, also referred to as sensors, have been successfully employed in various 
configurations for measuring the electrostatic behaviour of powders due to vigorous shaking 
[135] and during the fluidisation process [136]. Other examples where probes were utilised 
for studying of electrostatic properties include testing of polymer films [94, 119, 137], 
cellulose acetate films [138] and powder compacts [109, 139].  
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3.3.2 Dynamic Measurements 
3.3.2.1 Electrical Single Particle Aerodynamic Relaxation Time Analyser (ESPART) 
In the electrical single particle aerodynamic relaxation time analyser (ESPART), laser-
Doppler velocimetry is used to simultaneously measure aerodynamic diameter and 
electrostatic charge of particles [99]. Particles carrying the charge enter the system in a 
vertical fashion moving downwards with the stream of air and are directed into a sensing 
zone [102]. In the sensing zone, there are two laser beams intersecting each other and as the 
particles are introduced, they reflect the light. In addition, as the particles enter the sensing 
zone, electric field is applied in a form of either a DC field with oscillating acoustic field or 
as an AC field only [99]. In the first case, the acoustic field promotes horizontal oscillation of 
the particles tracked by laser Doppler velocimetry. Due to the particle’s mass, a phase lag in 
the oscillation is observed and, as this is proportional to the aerodynamic diameter, the 
particle size can be determined [99, 140]. The accompanying DC field affects the particles’ 
trajectories, depending on the charge polarity and the charge to mass ratio [99, 102]. As a 
result, the charge magnitude and polarity can be measured. In the AC mode, the polarity of 
the electric field applied changes back and forth causing the particles oscillation. The phase 
lag detected allows the particle diameter to be determined, whereas the charge on particles is 
calculated based on the amplitude of particles oscillation [99]. 
The method has been successfully used for electrostatic characterisation of powders, usually 
as they become aerosolised [140, 141]. However, complicated instrumental setup, 
introduction of errors during results re-calculation and upper particle size limit of 70 µm are 
often reported as common drawbacks of the instrument [99, 102, 121].  
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3.3.2.2 The Bipolar Charge Analyser BOLARTM 
Developed by Dekati Ltd., BOLARTM is the most recent and first commercially available 
device allowing the measurement of the bipolar charge present on particulate materials used 
for inhalation [121]. The system relies on the particle separation and subsequent electrostatic 
precipitation [102]. Detailed instrument description and principle of operation is provided by 
Yli-Ojanperä et al. (2014) [142]. Briefly, the instrument comprises of a flow divider, which 
removes particles larger than 12.3 µm and divides the air flow into six branches, and a 
number of electrical collection tubes with pre-determined cut-off diameter to which separate 
branches are directed [121, 142]. Each collection tube consists of an impaction stage and an 
electrostatic precipitator in a form of two concentric conducting tubes connected to high 
voltage sources of the opposite polarities [102, 142]. Once charged particles enter the gap 
between the tubes, they become deflected by the electric field and deposit on the precipitator 
walls according to the charge polarity. Neutral particles do not adhere to the walls but fall 
down the tube to the filter stage [101]. The charge of the particles is measured by the 
electrometers connected separately to the tube walls [101, 102].  
The instrument is specifically designed to measure the charge present on aerosolised particles 
and therefore is likely not to be suitable for the assessment of coarse materials or non-powder 
samples, even though is claimed to be useful in other applications too [142]. Its performance 
has been tested using lactose particles [142] and further employed for the studies on mannitol 
samples [101, 106]. These studies illustrate the instrument’s capabilities, however it has not 
been approved for use under pharmacopoeia standards [102]. 
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3.3.4 Other Supporting Techniques  
The methods discussed in Section 3.3.2 give information mainly on the charge or potential of 
the material studied. However, recently other techniques have also been successfully 
incorporated into electrostatic studies and serve as complementary techniques providing 
further information on the interactions present in the systems investigated.  
Atomic force microscopy (AFM) has been employed for detailed studies on the electrostatic 
forces existing between the individual particles [121]. A typical AFM measurement involves 
monitoring the change in a position of a flexible probe-carrying cantilever as it is scanned 
across the surface studied. The response can then be correlated to the work of adhesion and 
attraction and repulsion electrostatic forces [121, 143]. The method was adopted for the 
studies on contact electrification between a particle and flat surface [144, 145], the forces 
involved upon interaction [146] as well as the forces acting on the particle when the external 
electric field is applied [147]. A detailed review is provided in [143]. Furthermore, some 
analytical techniques not specifically focused on measuring electrostatic events, such as X-
ray Photoelectron Spectroscopy (XPS), Raman spectroscopy [148] and Time-of-Flight 
Secondary Ion Mass Spectroscopy (ToF-SIMS) have been proposed as useful tools for 
tracking changes occurring on the surfaces involved in contact electrification [8].  
3.4 Relevance to Pharmaceutical Powders 
Development of electrostatic charge and its consequences are commonly encountered during 
handling and processing of pharmaceutical powders [6]. The process of charge generation 
itself occurs when a powder comes in contact with a surface, and is further enhanced by the 
relative motion of the two materials [5]. Inevitably, in the pharmaceutical industry, most 
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processing operations, such as conveying, grinding or powder dispensing, involve multiple 
particle-particle and particle-surface collisions, and for this reason alone, perfect conditions 
for charge generation are created [6].  
Furthermore, due to their poor conductive characteristics, pharmaceutical materials tend to be 
classified as insulators, meaning that the charge generated tends to be retained on their 
surfaces for a prolonged period of time [9]. This subsequently leads to unusual powder 
behaviour, such as increased powder agglomeration and adhesion to the surfaces, which, in 
many cases, are considered problematic [5, 149]. From an operational point of view, powder 
adhesion can cause equipment blockage, increasing processing time and product loss [110], 
but also raise questions regarding the process safety [2, 5, 9], repeatability and the quality of 
a final product [7]. Considering the tight regulations imposed on pharmaceutical industry, 
careful attention is being paid to the processes, which could contribute to increased batch 
variation, with chargeability of powders being important yet difficult one to control [7, 9]. 
One specific example where powder electrostatics is considered important includes the 
development of formulations for inhalation, as charge development can potentially affect 
powder aerosolisation behaviour [134], dose emission [150] and subsequent particle 
deposition [151].  
In order to minimise the risk of powder charging, conductive surfaces and equipment 
grounding are employed whenever possible [9], however, more importantly, extensive 
research is currently being carried out to establish links between the material, process and 
environmental parameters and the charging developed during powder processing. The most 
recent advances in the field are provided in great detail in a number of reviews [2, 9, 10, 84] 
and are further discussed in Sections 6.1, 7.1, 8.1 and 9.1.  
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3.5 General Challenges in Electrostatics 
Even though the concept of electrostatic charging has been known for a long time, there are 
still many unresolved fundamental questions related to the process of charge generation and 
dissipation [152].  
First of all, as discussed in Section 3.2, no clear agreement has been made on the mechanism 
leading to charge formation [115]. Even though a number of studies show that, depending on 
the nature of the materials involved and the conditions applied, different mechanisms might 
operate [1], some still believe that electron transfer is the primary cause for charge formation, 
even when insulating materials are considered [125]. Others, however, disagree with this idea 
claiming that free electrons are not available on such surfaces [1, 9]. Recently Williams et al. 
(2011) proposed that the type of mechanism depends on the materials involved in the 
interactions, with insulators being predominantly charged through an ion mechanism [153]. It 
is therefore important to realise that different materials, such as metals, polymers or organic 
powders, are characterised by distinct structures and therefore the processes taking place on 
their interface may be highly dependent on their nature. Hence the observations made for one 
system may not be relevant for other systems. This is directly related to a continuous 
discussion on the nature of charge carrier species responsible for the charge transfer and its 
subsequent migration [115]. Similarly, possible mechanisms have been proposed to account 
for the charge dissipation process, however these are also highly dependent on the material 
type [112].  
It is therefore intuitive that stronger emphasis should be placed on understanding of the 
surfaces and events occurring on their interface. It has been admitted that the surfaces still 
remain poorly understood in the context of electrostatics, including the idea of what actually 
contributes as a surface and what should be considered as a topmost layer involved in the 
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interaction [8]. Another complication stems from the fact that surfaces tend to be 
heterogeneous in nature. This includes their composition and chemistry but also 
morphological aspects such as surface roughness, crystallinity and species adsorbed from the 
surroundings [8, 154]. Therefore it is very difficult to establish how these surface properties 
lead to the observed electrostatic performance, especially if the actual surface involved in the 
contact between the surfaces is not easily determined and constantly changing [152]. 
Consequently, significant experimental errors have often been reported [128] and these are 
attributed to a large number of factors influencing the process of charge generation [88]. In 
fact, on the one hand, there might be some instrumental limitations in the ability to reproduce 
experimental conditions, but at the same time, other changes could potentially occur at the 
interface during the process of charging which cannot be easily controlled or monitored [8]. 
These include surface contamination due to material or ion transfer, free radical formation [8] 
and deposition of water molecules [98] beyond common detection limits [115]. And finally, 
the overall complexity of surfaces may result in inability to reproduce experimental results by 
different researchers, hence raising questions regarding the validity of the results. It has been 
however pointed out that even the preparation of a reproducible surface for measurement 
alone could be extremely challenging, therefore observed discrepancies may reflect the actual 
state of the surface [152]. 
Furthermore, the role of moisture and water adsorption on surfaces have been recently 
emphasised as this may affect the tribocharging process to a much larger extent than 
previously assumed [93]. Some believe that ions originating from the surrounding moisture 
may contribute towards the charge present on the surfaces and even serve as charge carriers 
when no other mobile ions are available [1, 2, 93].  
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Despite these limitations, there are a number of cases when deliberate particle charging has 
been utilised on the industrial scale in a reliable fashion [1]. This shows that electrostatic 
charging is not completely unpredictable and, although recent findings have revealed a more 
complex picture of electrostatics than previously expected, continuous progress is being 
made which further contributes towards a better understanding of charging phenomena [2]. 
Considering the undeniable importance of surfaces in the area of electrostatics, this study 
aims to investigate the role of a number of selected interfacial properties in the electrostatic 
properties of particles. A detailed analysis of the underlying mechanisms of electrostatics is 
not intended here, but rather the emphasis is placed on the material characteristics to address 
how they translate into the charges developed. The main hypothesis here is that inherent 
material characteristics can determine the electrostatic behaviour and by changing these, the 
electrostatic behaviour can be altered. Further, in this work, the role of water is addressed 
from two separate perspectives. On the one hand, an interaction of moisture coming from the 
surroundings with the surfaces is considered by performing the measurements under different 
environmental conditions. On the other hand, the effect of water pre-existing in the material 
structure is acknowledged. These concepts are also extended into a more complex system 
where two distinct materials undergo a simultaneous process of charging.  
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Chapter 4 Materials and Methods 
4.1 Introduction 
In this Chapter, the materials chosen for the studies (Table 4.1) are discussed and relevant 
characterisation methods are described. Detailed preparation routes are given in the 
experimental Sections. The main aim of this research is to be able to study the electrostatic 
properties of the materials as a function of a single powder property. The materials therefore 
should not only be relevant to their applications in the pharmaceutical context, but also allow 
their properties to be tuned to achieve the aims of characterisation.  
Surface Chemistry Amorphous State and 
Hydration 
Binary Systems (API/ 
excipient) 
Functionalised Glass Beads 
Needle-shaped D-mannitol 
α-Lactose Monohydrate 
Amorphous Lactose 
Anhydrous Lactose 
α- Lactose Monohydrate 
Salbutamol Sulphate 
Table 4.1 Compounds selected for the studies. 
4.2 Glass Beads 
The simplest system serving as a model of a particulate system is glass beads, due to their 
well-defined spherical shape and narrow size distribution, which is in the range for a typical 
pharmaceutical powder. The glass beads are used to carry out silanisation reactions and 
therefore modify their surface by attaching functional groups of interest. In this way, only 
surface chemistry is changed, whereas all other physical properties remain unchanged.   
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The glass beads are predominantly silica-based material (66-75% w/w), but also contain 
calcium oxide, sodium oxide (soda-lime type) and traces of aluminium and magnesium 
oxides. They come in a form of a dry powder with density of 2.48 g/cm3 [155]. As with other 
amorphous compounds, the structure lacks long-range ordering, however local ordering can 
be found in terms of tetrahedral arrangement of the oxygen atoms around the silicon atoms 
(Figure 4.1).  
 
Figure 4.1 Schematic of soda-lime glass structure (adapted from [156]). 
At the glass surface, silicon dioxide connections tend to be disrupted and some OH 
terminated groups can be found. The surface reacts easily with water molecules hydrating 
other bonds. The presence of OH groups makes the glass surface susceptible to the 
silanisation reaction, upon which additional chemical groups can be attached to the surface. A 
general concept of surface silanisation and method was proposed by Al-Chalabi et al. (1990) 
[157] and then modified and applied to a number of different compounds [23, 158, 159]. The 
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method involves a reaction between substrate hydroxyl groups and a selected silane reagent 
via substitution and condensation reactions, as shown in Figure 4.2.  
 
Figure 4.2 Schematic of silanisation reaction 
As a result, the substrate becomes functionalised with the groups present initially on the 
silane (represented by X in Figure 4.2) and therefore, depending on their nature, the surface 
changes its hydrophobic character.   
4.3 D-mannitol 
D-mannitol is a common name for (2R,3R,4R,5R)-Hexane-1,2,3,4,5,6-hexol – a white, 
compound with the chemical formula C6H14O6 and structure depicted in Figure 4.3, belonging 
to a group of poly-alcohols, usually crystalline pharmaceutical excipient.  
 
Figure 4.3 Chemical structure of D-mannitol 
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It is a well-known pharmaceutical excipient exhibiting good chemical stability and 
compatibility with a broad number of other compounds. Due to its non-hygroscopic 
character, it has been successfully used for formulations involving moisture-sensitive drugs. 
Recently, it has been suggested as a potential alternative drug carrier for DPI formulations 
[34, 160]. As an active ingredient, it is mainly used for treating chronic kidney failure and 
hypertension [161]. 
Four crystalline forms of D-mannitol have been identified – three anhydrous polymorphs α, β 
and δ form, as well as one hemihydrate form. They can be easily identified based on their 
PXRD patterns [162]. β polymorph with orthorhombic structure is known to be the most 
stable and hence the most widely employed in the pharmaceutical industry. It can be prepared 
by recrystallisation from water or ethanol, whereas other solvents or routes have to be used to 
obtain the remaining forms.  
D-mannitol recrystallised from water is characterised by an elongated needle-like crystal 
morphology [29]. However, the elongation of the particles has been found to be dependent on 
the degree of supersaturation of the crystallisation solution, providing the ability to modify 
and control crystals properties [34]. Properties such as mechanical strength, flowability, 
compaction and milling but also performance during inhalation have been all found to be 
crystal habit dependent. In addition, Ho et al. (2010) reported D-mannitol surface of 
prismatic rod crystals to be heterogeneous, due to non-uniform arrangement of the surface 
functional groups. The hydrophilicity of three crystal facets was found to decrease in the 
following order: (011) > (120) > (010) and was further explained based on the concentration 
of hydroxyl groups present on the specific facets [23]. Therefore, by altering D-mannitol 
particle aspect ratio, the overall hydrophilicity of the particles may be affected [19]. 
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4.4 Lactose  
Lactose, a disaccharide of galactose and glucose with the chemical formula C12H22O11 and 
structure illustrated in Figure 4.4, is an important and widely used pharmaceutical excipient. 
It is mainly employed to serve as a binder, filler and sweetener but also, so far, is the only 
excipient approved by Food and Drug Administration (FDA) in US to be used as a drug 
carrier for DPI formulations [163, 164].  
 
Figure 4.4 Chemical structure of α-lactose 
The two possible orientations of a hydroxyl group at C1 of glucose monomer give rise to α 
and β isomers. In solution, rapid mutarotation between the two takes place and equilibrium 
value of 60β : 40α is usually achieved.  
When crystallised, different forms can be obtained and a lot of research has been done aiming 
to characterise and understand the structures formed. Currently, four lactose forms are known 
and these include one single hydrated α-lactose monohydrate and three non-hydrate forms: β-
lactose, stable anhydrous α-lactose and unstable hygroscopic anhydrous α-lactose [163]. Out 
of all of them, α-lactose monohydrate is the most commercially available form due to its high 
stability and well-studied structure and properties. It can be obtained by cooling 
crystallisation from water below 93.5 °C. Above this temperature, predominantly β-lactose is 
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formed, however, it is a challenge to prepare it in a pure single form. The commercial 
products of β-lactose are usually found to be a mixture with stable α-lactose, in the ratio of 
60β : 40α. For this reason, the structure of β-lactose is not so well understood [46].  
Two main methods for preparation of anhydrous α-lactose have been reported and these are 
dehydration of a monohydrate by either heating or using dehydrating solvents [42, 46]. 
Thermal dehydration is usually referred to as a ‘hard’ method because it imposes a risk of 
damaging the sugar structure [46]. Depending on the dehydration conditions, two forms, 
hygroscopic and stable anhydrous lactose, can be obtained. Figura et al. (1995) stated that the 
two materials are characterised by different moisture sorption behaviours and the hygroscopic 
form is unstable and converts to the stable form upon further heating [45]. Consequently, 
there is still a discussion whether the hygroscopic and stable forms should be considered as 
separate polymorphs or whether the hygroscopic one is only a transition state between the 
hydrated and dehydrated forms [46].  
Lactose can be prepared in a non-crystalline form by spray drying and freeze drying. 
Amorphous lactose is known to be thermodynamically unstable and tends to convert to 
crystalline lactose providing appropriate conditions, i.e. temperature and water content, are 
applied to mobilise and rearrange the individual molecules [16]. Industrially prepared spray 
dried lactose shows good flow properties and can enhance formulation plasticity, therefore is 
often used in formulations for direct compression.  
Generation of small quantities of amorphous lactose could also take place unintentionally 
during intensive high-energy processes, such as high-energy milling [15]. In this case, the 
formation of amorphous content usually occurs at particles surfaces. Even though the 
quantities might be low enough to present detection challenges, they might still contribute to 
changes in the physical and chemical properties of the material [13]. 
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4.5 Salbutamol Sulphate 
Salbutamol sulphate is a water-soluble sulphate salt, as shown in Figure 4.5, of salbutamol – 
a drug used for treatment of asthma and chronic obstructive pulmonary diseases. Also known 
as albuterol, it is commonly formulated for inhalation using metered dose inhalers and dry 
powder inhalers, but syrup and controlled release tablets have also been developed.  
 
Figure 4.5 Chemical structure of (R)-salbutamol sulphate 
Salbutamol exists as a racemic mixture of two isomers, however only the R-salbutamol 
exhibits the desired pharmacological properties. Therefore, in order to obtain a pure product, 
the R-isomer has to be formed selectively or separation of the mixture has to be carried out 
[165].  
Currently, at least two polymorphic forms of salbutamol sulphate have been identified and 
are known as Form I and Form II. Form I is obtained when salbutamol sulphate is re-
crystallised from water or from methanol (at low temperature 15-30 °C) and exhibits a 
prismatic crystal habit. Form II, with a pseudohexagonal equidimensional crystal habit, can 
be formed via crystallisation from methanol under reflux. Upon heating under vacuum at 60 
°C, Form II converts to Form I over 8 hrs, whereas longer time is needed when lower 
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temperature is applied. The PXRD patterns available for the two forms show that different 
crystal structures are observed [166].  
4.6 Methods 
Section 4.6 provides background information about the main characterisation techniques used 
for characterisation of the materials. The detailed methodology employed however is given in 
the relevant experimental Sections. 
4.6.1 Particle Size Analysis 
Size is one of the most fundamental physical properties used to characterise solid particles. It 
can affect powder flowability [26], mixing and segregation [167], compaction [27], 
granulation [168] but also product appearance [169], dissolution [170] and sometimes 
stability [171]. Therefore particle size determination is routinely performed at different stages 
of product development in order to achieve desired performance during processing and 
manufacturing [172]. In some formulations, strict particle size distribution criteria determine 
whether the formulation can successfully target the area of interest or not. For example, in 
order for an API to be suitable for inhalation, particles typically with a diameter of 0.5 - 5 µm 
are required for the drug to be able to reach the deep lung [173].  
There are a number of different techniques employed for particle size distribution 
determination. Two methods that are commonly used in pharmaceutical research are sieving 
and laser diffraction.   
Sieving is a simple and direct method for particle size determination. Individual sieves are 
arranged in a stack with the largest mesh size at the top gradually decreasing to the bottom. 
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Powder is deposited on the top sieve and passed to the bottom using mechanical shaking. As 
long as the particles are smaller than the mesh size, they will pass through it until the mesh 
size is too small. The material is collected from each sieve and its particle size determined 
based on the aperture size of the pair of sieves that trapped that powder fraction. The 
technique is used mainly for particle size determination and powder fractionation if particles 
within a specific size range are required.  
Laser diffraction is the most widely used technique for particle size measurements due to its 
simplicity, fast response and ability to measure wide range of particle sizes.  
 
Figure 4.6 Schematic of a laser diffraction set-up 
During the measurement particles are dispersed in a relevant medium (liquid or air) and a 
beam of coherent light is passed through the sample (Figure 4.6). The incident beam 
undergoes scattering from the particles and diffraction pattern is created on the detector. The 
scattering angle is size-dependent with an inverse relationship between the two – large 
particles result in small angle scattering and vice versa. Therefore from the diffraction pattern 
the dimensions of particles are calculated using two mathematical models – Mie and 
Fraunhofer theories [172]. Mie theory assumes the diffraction pattern to be a function of 
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particle diameter and its optical properties. It is more accurate especially as the particle size 
approaches the wavelength of the incoming light beam. However, due to its complexity, Mie 
theory is often simplified to the Fraunhofer theory, which assumes the particles to be a few 
times larger than the laser wavelength and ignores the optical properties of the particles 
[174].  
4.6.2 Dynamic Image Analysis 
Dynamic Image Analysis (DIA) is a digital image processing technique used to characterise 
the shape of particles in motion captured by a high-speed digital camera. Usually the sample 
is dispersed in a fast moving air stream and a series of two-dimensional images are taken for 
a sufficiently large sample size [175]. A number of different lenses available allow the 
technique to cover a wide range of particle sizes ensuring good resolution of the images. 
Using mathematical algorithms, particle size and shape factors such as aspect ratio and 
circularity, are extracted.  
4.6.3 Specific Surface Area Determination  
Surface area is an important property, which can influence important material properties and 
hence product performance. In pharmaceutical formulations it can determine properties such 
as dissolution rate, and tends to be maximised when formulations with poorly soluble 
compounds are prepared [172]. Gas adsorption, based on Brunauer-Emmett-Teller (BET) 
model, is a common way of determining the specific surface area (SSA) of materials, which 
can be defined as a ratio of the total surface area of the powder to the mass of the powder 
measured.  
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The BET model is an extension of the Langmuir theory, where monolayer molecular 
adsorption is considered, to the multilayer adsorption. It assumes that all surface sites are 
equivalent and multilayer adsorption of ideal gas molecules takes place, with no interaction 
between the individual layers. Therefore, the total amount of gas adsorbed onto a material is 
proportional to the surface area of that material, according to the following equation [176]:  
!!(!!!!) = !!!! + !!! !!!!!!                                                                                     Equation 4.1 
Where p and p0 are the equilibrium and the saturation pressures of the adsorbate, V and Vm 
are total volume of adsorbed gas molecules and volume of gas molecules forming the 
monolayer and C is the BET constant taking into account the heats of adsorption and 
condensation of the adsorbate.  
By plotting p/V0(p0-p) against p/p0, the value of Vm can be determined from the addition of 
the slope and intercept of the graph.  
4.6.4 Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) is a microscopy imaging technique capable of 
producing particle images with a magnification and resolution greatly exceeding capabilities 
of typical light microscopes. Depending on the instrument specifications, magnifications 
greater than 30 000x can be obtained and resolution down to a few nanometres can be 
achieved [177]. In addition, very good depth of focus allows studying samples with rough 
surfaces giving a high quality picture.  
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Figure 4.7 Schematic of a Scanning Electron Microscope 
SEM images are obtained by scanning prepared sample with an electron beam produced from 
an electron gun by heating a tungsten wire filament with a high current. The electrons are 
accelerated with a high voltage down the electron column maintained at high vacuum to keep 
the electron source and beam stable. A series of condenser and objective lenses are used to 
focus the beam into a well-defined spot (Figure 4.7). As the beam reaches the specimen, 
electrons penetrate into the sample surface leading to various interactions and hence signals. 
The detectable signals comprise of backscattered electrons due to elastic scattering of the 
incident beam, secondary electrons due to inelastic scattering as well as X-rays, when an 
excess of energy is released upon higher energy electron filling the created vacancy. Each of 
these signals carries information about the sample and can be captured by a suitable detector 
[177].  
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Due to the high quality and resolution achieved, SEM is an excellent way of examining 
sample topography and morphology in great detail, as well as determining sample dimensions 
and particle size. In addition, if SEM is equipped with X-rays detection, information on 
elemental composition can be obtained. 
4.6.5 Powder X-ray Diffraction 
Powder X-ray diffraction (PXRD) is one of the most important and powerful techniques 
utilised for crystal structure determination. Its principle of operation is based on the ability of 
X-rays to interact with atoms arranged in crystal planes of crystal lattice to produce a unique 
diffraction pattern.  
In a typical diffractometer, electrons produced upon heating a tungsten filament are 
accelerated through a voltage of 40-50 kV and directed into a metal target, typically copper. 
The resulting collisions generate X-rays of several bands, characteristic for the metal target 
used, out of which only a specific, usually most intense portion is selected using a filter. For 
the copper target the wavelength of 1.54 Å is produced and directed towards the sample 
studied. Upon interaction with the sample, X-rays become reflected by the crystallographic 
planes and constructive interference occurs if requirements of Bragg’s Law are met [3].  
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Figure 4.8 Schematic of the principle behind Bragg's Law 
Bragg’s Law forms the basis of PXRD and is defined using the equation 4.2:  
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                             Equation 4.2 
Where n is an integer, λ is a wavelength of the X-ray radiation, d is the interplanar spacing of 
the crystal and θ is the diffraction angle (the angle between sample surface and the incident 
beam as illustrated in Figure 4.8). It means that for a set of crystal planes with the interplanar 
spacing d successful diffraction will take place only at specific angles satisfying the above 
equation. Therefore during the measurement, the sample is scanned at the range of diffraction 
angles and intensities of diffracted X-rays are recorded. From the data collected the atomic 
spacing and hence unit cell dimensions can be obtained.  
In addition to the above applications, the technique has been successfully employed for 
crystallinity determination [178], characterisation of polymorphs and solvates [14, 45], but 
also can be a useful tool for studying the amorphous phase, where the lack of typical 
diffraction pattern is observed due to disordered structure [13, 179].  
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4.6.6 Thermal Analysis  
Thermal Analysis (TA) is a general term referring to methods where temperature as a 
function of time is used to study the physical and the chemical properties of a material. Two 
techniques that are most useful and commonly employed during pharmaceutical product 
development are differential scanning calorimetry (DSC) and thermogravimetric analysis 
(TGA). The techniques allow studying temperature induced changes under different 
conditions and are considered to be complimentary techniques for determining properties of 
solids [180]. 
During DSC measurements, the heat flow into the sample (endothermic event) and out of the 
sample (exothermic event) as a function of temperature or time is monitored. The sample is 
placed inside a DSC chamber containing the reference and subjected to a temperature 
program. The thermogram recorded depicts the energy needed to keep both the sample and 
reference at the same temperature. Most of the deviations from the baseline can be assigned 
to the corresponding transformations such as melting depicted by endothermic peak or 
crystallisation for exothermic peak. In addition, relatively small step changes in baseline can 
indicate glassy to rubbery state transitions when amorphous compounds are studied. 
Consequently, DSC has many applications including determining composition of mixtures, 
performing stability studies [181], purity analysis and polymorph studies [42].   
DSC is usually performed along with TGA. In TGA measurements, the sample is placed on a 
sensitive microbalance inside a furnace and the change in mass is recorded as a function of 
temperature when the sample is exposed to the controlled temperature program. The results 
are usually presented as the percentage weight loss curve. The measurements are very 
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informative for determination of residual solvents and moisture content in the samples, 
identification of solvates and hydrates [42] and determining thermal stability [182].   
4.6.7 Dynamic Vapour Sorption 
Dynamic Vapour Sorption (DVS) is a gravimetric method during which water or organic 
solvent uptake or loss under controlled temperature and humidity are measured. The 
experimental setup is enclosed in a temperature-controlled incubator whereas target humidity, 
or vapour concentration, is achieved by mixing dry gas with saturated gas in appropriate ratio 
controlled by mass flow controller. The vapour concentration is expressed as the ratio of 
vapour pressure to saturated vapour pressure p/p0 or, in the case of water, it is given as the % 
Relative Humidity (%RH) or the water activity (aw). The sample mass is monitored by a high 
sensitivity microbalance with ±0.1 µg resolution and small sample mass, typically in the 
range of 10-150 mg, is required.  
 
Figure 4.9 Schematic of a Dynamic Vapour Sorption instrument 
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The instrument has been successfully used for studying a variety of samples, including 
pharmaceutical powders, fibres and polymers. Main applications of DVS measurements 
include amorphous content and crystallinity determination [55, 183], moisture uptake, 
hydration and dehydration processes [43] and studies on coatings [181].   
4.6.8 Karl-Fischer Titration 
Karl-Fischer titration is a standard titration analytical method for the determination of low 
levels of water content. Two types of titration can be used, coulometric and volumetric 
titration differing in the way the reactants are provided for the reaction, however, the main 
principle behind both types is the same. 
The amount of water present in the sample is established based on the quantitative reaction 
between water, iodine and sulphur dioxide, in the presence of an alcohol (ROH) and organic 
base (B), such as imidazole or pyridine. The general reaction taking place in the system is 
given by Equation 4.3 [184]. 
𝐻!𝑂 + 𝐵 ∙ 𝐼! + 𝐵 ∙ 𝑆𝑂! + 𝐵 → 2𝐵𝐻!𝐼! + 𝐵𝑆𝑂!           Equation 4.3 
𝐵𝑆𝑂! + 𝑅𝑂𝐻 → 𝐵𝐻!𝑅𝑂𝑆𝑂!! 
In the volumetric titration, iodine is first dissolved in the titration solution, which is 
subsequently used as a titrant solution. Water content is then calculated based on the volume 
needed to reach the endpoint of the titration.  
In the coulometric titration, the iodine needed is generated by the platinum anode immersed 
in the titration solution. The amount of iodine generated is precisely calculated from the 
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known electric charge corresponding to oxidation of 2 moles of iodide to 1 mole of iodine. 
As iodine becomes consumed through the reaction with water from the sample, the current is 
provided through the electric circuit to re-generate iodine. During the measurement, the time 
and current are recorded and their product is proportional to the amount of iodine generated 
and hence the amount of water present [184].  
4.6.9 Contact Angle Measurements 
Contact angle is a common name for the liquid sessile drop method used for quantification of 
the wettability of a solid surface. During the measurement, a droplet of a non-interacting 
liquid probe with known surface tension is deposited on the solid surface and the tangent of 
the three-phase point is measured to determine the contact angle (Figure 4.10).  
 
Figure 4.10 Schematic of a liquid drop in contact angle measurements 
The measurements are performed using a goniometer that utilizes a high-resolution camera to 
capture an image of the droplet on the surface. In the case of loose powders, the flat surface is 
prepared by compacting the powder into a tablet or by adhering it to a glass slide. Computer 
 90 
software is then used to fit drop profile dimensions and hence determine the value of an angle 
formed between the liquid-solid interface and the liquid-vapour interface.  
The shape adopted by the droplet can be mathematically described by the Young’s equation 
(Equation 4.4) [185]:  
𝛾!"° = 𝛾!" + 𝛾!" + 𝑐𝑜𝑠𝜃!                                      Equation 4.4 
Where 𝛾!"°  is the surface energy of the bare solid surface, 𝛾!"is the solid-liquid surface energy 𝛾!" is the liquid-vapour surface tension and θY is the equilibrium Young contact angle.  
The overall droplet shape is a manifestation of a thermodynamic equilibrium between the 
three phases and corresponding interfacial energies. If the liquid is strongly attracted to the 
surface, the droplet will spread out and a low value of the contact angle will be determined, 
meaning 𝛾!"°  is larger than 𝛾!". Typically, if the contact angle of less than 90° is measured for 
water probe, the surface is considered to be hydrophilic. If, however, the liquid tends to be 
repelled by the surface (𝛾!">𝛾!"° ), a bead-shaped droplet with high contact angle can be 
obtained. This is characteristic for highly hydrophobic surfaces [185]. The values obtained 
are highly dependent on the surface roughness [186] and contamination [187] and may be 
affected by the impurities of liquid probes [185].  
Contact angle measurements are frequently employed for estimation of surface energy of 
pharmaceutical powders, where interfacial properties are crucial during product formulation 
affecting properties such as powder adhesion, flow and compaction [23]. 
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4.6.10 Inverse Gas Chromatography 
Inverse Gas Chromatography (IGC) is a technique in which vapour probes are used to study 
solid surface properties such as surface energy, surface heterogeneity, glass transition 
temperatures and surface disorder [188]. 
From a practical point of view, IGC is the inverse of standard analytical gas chromatography 
and involves passing a series of vapour probes through a column filled with a sample studied 
forming a stationary phase. The probe molecules are injected into the column using an inert 
carrier gas, usually hydrogen, serving as a mobile phase. The probes interact with the sample 
and, as they are eluted, the retention behaviour is recorded by a suitable detector. The 
retention time is the key parameter obtained during the measurements and as it reveals the 
interaction between known probes and the sample studied, the properties of the sample can be 
determined. 
Typically a series of alkane probes, for example n-heptane, n-octane, n-nonane, n-decane, 
and a few polar probes, usually chloroform, acetone and ethyl acetate, are used to calculate 
the dispersive and acid-base surface energy components, respectively. Once the retention 
time tR is obtained from the individual injections, the net retention volume VN can be 
determined (Equation 4.5) [188].  
𝑉! = 𝑗 ∙ 𝐹! ∙ (𝑡! − 𝑡!)                                   Equation 4.5 
Where Fc is the carrier gas flow rate, tR is the retention time for interacting probe, t0 is the 
dead time determined for the mobile phase and j is the James-Martin correction factor 
accounting for the pressure drop along the column bed. The net retention volume VN in turn 
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can be related to the standard Gibbs free energy change of adsorption ∆𝐺!"! , and the work of 
adhesion Wa by the following equation:  
−∆𝐺!"! = 𝑅𝑇𝑙𝑛𝑉! + 𝑐𝑜𝑛𝑠𝑡.=   𝑁! ∙ 𝑎! ∙𝑊!                 Equation 4.6 
Where R is the universal gas constant, T is the column temperature, NA is the Avogadro’s 
number and am is the cross-sectional surface area of the probe molecule. Based on the 
Fowkes’ theory, the work of adhesion between a solid and a liquid can be written as a sum of 
the geometric mean terms for the separate components [3]:  
𝑊! = 2 ∙ 𝛾!! ∙ 𝛾!! + 2 ∙ 𝛾!! ∙ 𝛾!!                                Equation 4.7 
Where γ denotes dispersive (d) and polar (p) components for liquid (L) and solid (S). If non-
polar probe molecules are used, the above equation can be used to express Equation 4.6 as 
follows: 
𝑅𝑇𝑙𝑛𝑉! = 2𝑁! ∙ 𝑎! ∙ 𝛾!! ∙ 𝛾!! + 𝑐𝑜𝑛𝑠𝑡.                          Equation 4.8 
Using the above relationship, and a series of n-alkanes as suggested by Schultz et al., the 
dispersive component 𝛾!!   can be obtained from the slope of a plot of 𝑅𝑇𝑙𝑛𝑉! versus 𝑁!𝑎!(𝛾!!)!/! [188].  
However, when polar probes are used, the additional contribution from polar interactions 
results in higher VN values. Therefore, knowing 𝛾!! for two mono-polar probes, the dispersive 
components can be plotted and the difference between the regression line and the 𝑅𝑇𝑙𝑛𝑉! 
values give the polar component of the Gibbs free energy change of adsorption, ∆𝐺!"!  [188]. 
Then the acid surface component (𝛾!!)  and the base surface component (𝛾!_) can be obtained 
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once surface tension components of the liquid probes are known and applied according to 
Equation 4.9 [188, 189]. 
∆𝐺!"!" = 2 ∙ 𝑁! ∙ 𝑎! ∙ ( 𝛾!! ∙ 𝛾!! + 𝛾!! ∙ 𝛾!!)                  Equation 4.9 
IGC has been successfully used for the determination of surface heterogeneity of mannitol 
crystals [23], studying the surface properties and their impact on the performance of DPI 
formulations [190, 191] and the influence of processing on the surface energetics of 
pharmaceutical powders [191, 192].  
4.6.11 JCI Charge Decay Time Analyser  
A JCI Charge Decay Time Analyser (CDTA) (Figure 4.11) is an instrument that allows the 
measurement of the electrostatic charge decay properties of materials. It utilizes corona 
charge deposition as a charge source and a field-meter sensing aperture to monitor the change 
in voltage as the charge migrates away from the sample surface.  
The instrument has been successfully used to study charging properties of various materials 
[193] and has been adapted for studying powder samples by incorporating JCI 176 Active 
Sample Support and a relevant sample holder. The sample holder involves a cylindrical 
shaped cavity, which is filled with powder and smoothed at the top to create flat surface.  
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Figure 4.11 JCI 155v6 Charge Decay Time Analyser 
During the test, the sample surface is charged by a high voltage corona discharge (0 – 9.9 
kV), with positive or negative polarity, generated on the tips of thin wires located at the 
moveable plate inside the instrument body. The movable plate shields the field meter from 
the high voltage, neutralises any residual ions and retracts to the fully open position to 
commence the measurement. The field meter is automatically set to zero before each 
measurement. The data output provides information on the decay curve, the initial maximum 
voltage post-corona charging (Vmax), as well as time required for the potential to decay to 1/e 
(t1/e) and 10% (t10%) of the initial peak [194].  
By applying the same charging conditions, the relative chargeability of powder formulations 
can be determined, as well as charge dissipation abilities can be compared. Recently, the 
method has been successfully used to relate powder formulation chargeability to powder 
sticking during the tableting process [110].  
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Chapter 5 Design of a New Capacitive Probe – Dynamic Vapour 
Sorption system for the Electrostatic Measurements 
5.1 Introduction 
Pharmaceutical powders can become electrostatically charged upon most handling and 
processing operations, such as sieving, milling, conveying and dispensing powders from their 
containers [6]. A number of efforts have been made to develop reliable and simple to operate 
instruments that would allow assessing electrostatic properties of materials in a meaningful 
way. These are reviewed in Section 3.3.  
As noted by Chubb (2004), each method has its own limitations and, considering the nature 
of electrostatic charging, the outcomes can be quite different when different techniques are 
applied [120]. In order to minimise instrument interactions with the sample under test, that 
could contribute to experimental error, it is now preferred to conduct measurements in a non-
contact mode and with minimal modifications applied to the material prior testing. Even 
though the first non-contact electrostatic sensor was developed as long as 50 years ago, most 
of the development of non-contact methods of measuring electrostatics took place during last 
20 years [195].  
In order to investigate electrostatic properties of powders studied in this work in a non-
contact way and under well-controlled temperature and humidity conditions, a capacitive 
probe coupled with Dynamic Vapour Sorption system was designed and tested. In this 
Chapter, the development of the system is presented.   
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5.2 Principals of Capacitive Probe 
A vibrating capacitive probe is a relatively well-known device for measuring surface 
electrostatic potential. Sensor-type configuration and typically small dimensions make it a 
promising device for incorporating into powder processing units to conduct in process control 
of charge generation.  
The main principle of operation of a capacitive probe is based on the relationship between 
capacitance (C) and potential (V) for a parallel capacitor: 
𝐶 = !!                                                      Equation 5.1 
where Q is charge accumulated by the capacitor. A typical capacitor consists of two parallel 
conductive plates, with the capacitance defined in terms of the plates’ surface area (A), 
separation distance between the plates (D) and the medium between the plates:  
𝐶 = !!!!!                                                    Equation 5.2 
Where ε and ε0 are the relative electric permittivity of the material between the plates and the 
electric permittivity of a vacuum (8.85 x 10-12 Fm-1), respectively. In the capacitive probe 
configuration (Figure 5.1), the two plates are formed by the surface of the probe and the 
surface under test.  
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Figure 5.1 Schematic of a capacitive probe principle (based on [196]) 
The voltage V between the probe and the surface under test is equal to the difference between 
the potential of the probe (V1) and the potential of the test surface (V2) due to the charge 
present. Due to the probe vibrations, the separation distance D changes with time: 
𝐷 = 𝐷! +   𝐷!sin  (𝜔𝑡)                                     Equation 5.3 
Where D0 is the separation distance before the vibration starts, D1 is amplitude of the 
vibration, ω is circular frequency of vibrations and t is time. Therefore, the overall equation 
for the vibrating probe is [196]:  
𝐶 = !!!!𝐷0+  𝐷1sin  (𝜔𝑡)                                      Equation 5.4 
𝑄 = 𝑉 ∙ 𝐶 = 𝑉 ∙ 𝜀𝜀0𝐴!!!  !!!"#  (!")                              Equation 5.5 
The presence of charge on the test surface creates an electrostatic field around it. As the 
probe vibrates, and the distance between the probe and the test surface changes, modulation 
is created, which results in a modulated electrostatic field. This in turn induces a sinusoidal 
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displacement current in the probe proportional to the intensity of the electrostatic field. The 
displacement current is converted to a positive or negative voltage by a phase-sensitive 
demodulator, amplified and fed back to the sensing probe as a reference voltage. In this way, 
the voltage fed to the probe is equal to the unknown voltage on the test surface and, as a 
result, the electrostatic field is brought to zero. Therefore, the probe is said to operate in a 
‘null’ method, as every time there is no current present between the probe and the test 
surface, the electrostatic field is equal to zero and hence the potential of the test surface can 
be determined [197].  
5.3 System design 
5.3.1 System configuration 
A schematic diagram illustrating the configuration of the probe-DVS system is shown in 
Figure 5.2. 
 
Figure 5.2 Schematic diagram of the probe-DVS experimental set up 
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The system consists of a high resolution round electrode with an end-view configuration 
sensor (model 6000B-5C, Trek Inc.) connected to an electrostatic voltmeter (model 347, Trek 
Inc.). The electrode is inserted into a dynamic vapour sorption instrument (DVS-1000, SMS, 
UK) using an aluminum adapter, such that the end-view sensor is positioned below the flat 
stainless steel microbalance pan, which serves as a test surface. This geometry is crucial to 
satisfy the parallel capacitor type configuration upon which the probe principle is based, with 
a separation distance of 3 mm between the surfaces. The effect of spacing on the signal 
output is discussed in Section 5.4.1.  
A stainless steel pan is suspended on a hanging wire and isolated via a polyvinylidene 
fluoride (PVDF) hook. The output data is collected using a data acquisition unit (DAQ) 
multimeter with USB interface (DVM1200, Velleman, Belgium) and recorded using PC-Link 
software to yield potential as a function of time. 60 points per minute are recorded, unless 
otherwise stated. The probe and the test surface are enclosed in a brass DVS cell customised 
for the purpose of the set up.   
Temperature inside the measurement system is controlled by placing the set up inside an 
incubator and stability of ± 0.1 °C is achieved for typical experiments lasting approximately 2 
hrs. The relevant humidity is generated inside the system by providing a constant flow of dry/ 
wet air mixture, controlled by a mass flow controller. A flow rate of 100 sccm (standard 
cubic centimeters per minute) is typically used, unless otherwise stated and stability of  ± 
0.2% RH is achieved.  
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5.3.2 Background measurements 
Background measurements were recorded throughout the set up development and a number 
of factors have been identified to interfere with the signal detected by the probe.  
5.3.2.1 Probe displacement 
Due to the geometry of the DVS cell and relative positions of the cell opening, the test 
surface and the probe, the process of opening the cell in order to introduce the material tested 
leads to displacing the probe from its initial position. Figure 5.3 shows the arrangement with 
the DVS cell opened and closed.  
 
Figure 5.3 Set up with DVS cell A: opened and B: closed 
This displacement results in an increase in separation distance between the probe and the test 
surface from 3 mm to approximately 2.5 cm and, according to Equation 5.5, could lead to an 
increase in potential recorded for a given charge. This large separation distance can therefore 
affect the true value being measured.  
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A typical background plot showing the interference signal coming from the probe 
displacement is presented in Figure 5.4. This signal drop was not reproducible between the 
separate blank measurements and therefore it was concluded that it has to be coupled with 
some other effects. 
 
Figure 5.4 Background plot obtained as a result of the probe displacement during blank 
measurement. 
5.3.2.2 Residual charge on the test surface 
The electrostatic voltmeter has an option of setting the initial potential of the probe to zero. 
Therefore, any residual charge on the test surface can be ‘eliminated’ prior the measurement 
and the absolute value due to the charged material can be measured. However, this approach 
is not ideal as the surface should be free of charge at the start of each measurement. In 
addition, even though the potential can be set to zero, the residual charge on the test surface 
interfered with the signal coming from the probe displacement (Section 5.3.2.1).  
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Moreover, a number of times the baseline was observed to drift with time. A typical response 
is shown in Figure 5.5. 
 
Figure 5.5 Baseline drift due to the residual charge on the test surface 
The drift was associated with the residual charge present on the test surface, which gradually 
dissipates with time. The dissipation is however too slow to allow for full discharge prior the 
measurement, but the overall drift is significant enough to influence the experimental results.  
As a result, the set up described in Section 5.3.1 was modified to allow the test surface to be 
grounded by connecting to a true ground prior to the measurement. The grounding had to be 
performed with the probe set at the testing distance from the test surface, i.e. when the DVS 
cell is closed. The metal connector was therefore installed through the wall of the DVS cell as 
shown in Figure 5.6. 
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Figure 5.6 Grounding pathway to the test surface 
Prior to the measurement, the grounding cable is attached to the metal connector, which 
subsequently is screwed in to achieve electrical contact between the test surface and the 
connector. As charge is drawn away from the test surface, the potential reaches zero and this 
can be monitored through the data output. This approach is used to ensure the test surface is 
truly discharged prior to the measurements.  
5.4 Optimisation and Calibration 
Due to blank measurements being affected by the factors discussed previously (Section 
5.3.2), a number of measurements were performed in order to optimise and calibrate the set 
up.  
5.4.1 Probe positioning 
Electrostatic probes for surface potential determination are usually designed to work at close 
proximity to the surface under investigation. The optimal distance from the test surface is 
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typically specified by the manufacturer and should be followed to ensure the correct value is 
being measured. Kwek et al. (2012) has previously reported that the output of capacitive 
probes can show dependence on the distance from the surface being measured [135].  
The effect of the probe distance from the test surface was investigated by applying an 
external voltage of 50 V to the test surface, supplied by a direct current (dc) power generator 
(model PSM3/5A, BST). The signal output was then measured as the probe was placed 3, 8, 
10, 14 and 17 mm away from the test surface. The relationship between the two is presented 
in Figure 5.7. 
 
Figure 5.7 Signal output as a function of the probe-to-test surface distance (n=3) 
As the probe is placed further away from the test surface held at the potential of 50 V, the 
observed potential at the probe decreases. Kwek et al. (2012) observed the same relationship 
[135], however here the potential detected drops significantly faster with distance. This could 
be due to the high resolution and high sensitivity of the probe used in this experiment. 
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The optimum separation distance was confirmed to be 3 mm (± 0.5 mm), as recommended by 
the manufacturer, and the probe was permanently set in a fixed position inside the DVS cell 
throughout all measurements.  
5.4.2 Signal output 
In addition to proper positioning of the probe, it is necessary to ensure what the signal output 
corresponds to, i.e. whether the absolute value is always provided and how this depends on 
the initial value detected by the sensor.  
The voltage output was therefore verified using a dc voltage supply (model PSM3/5A, BST) 
connected to the test surface. The test surface was initially fully discharged and signal output 
was recorded. Then an external voltage of 50 V was applied to the surface. The same 
measurement was repeated after setting the initial potential to -20 V. The signal output is 
presented in Figure 5.8. 
 
Figure 5.8 Verification of the probe signal output (25 °C, 20% RH) 
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From Figure 5.8, it can be seen that if the initial potential is zero, the output value 
corresponds to the potential on the test surface. However, if the initial value is not zero, the 
difference between the final and initial value has to be taken in order to determine the true 
value of the potential of the test surface.  
5.4.3 Effect of the initial potential 
As discussed in Section 5.3.2.1, it was observed that the process of displacing the probe from 
its initial position affects the signal output and introduces a ‘signal drop’. Although the probe 
is always displaced by the same distance, the magnitude of the ‘signal drop’ was observed to 
vary, i.e. it was not consistent and therefore it was not possible to treat it as a background and 
subtract from the final measurement.  
It was observed, however, that the ‘signal drop’ becomes more pronounced if the initial 
potential is not close to zero, suggesting there is some residual charge present on the test 
surface. This was found to be irrespective of whether the voltmeter was manually set to zero 
or not.  
The relationship between the initial potential and the signal drop was determined by manually 
setting the probe potential to a number of values ranging from -20 V to 10 V and monitoring 
the magnitude of signal drop upon the probe displacement. The tests were carried out at 25 
°C and two humidity levels: 20% RH and 50% RH. Three measurements were obtained for 
each data point.  
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Figure 5.9 Signal drop as a function of the initial background potential at 25 °C and A) 20% 
RH and B) 50% RH (n=3) 
Under both conditions investigated, a linear correlation (R2 = 0.9963 for 20% RH and R2 = 
0.9993 for 50% RH) between the initial background potential and the signal drop was 
obtained, as presented in Figure 5.9. There is a very good overlap between the two plots, as 
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indicated by the values for the gradient and intercept for the two lines. The test conditions 
selected aimed to achieve relatively dry and moderate conditions, which could favour 
formation of the electrostatic charge. As a very good agreement was found at these two very 
different humidity conditions, it is expected to be valid under intermediate conditions as well, 
and assumed to be unaffected under higher humidity, as typically high humidity aids charge 
dissipation.  
Based on the data obtained, no signal change is predicted when the initial background 
potential is approximately equal to 2 V. If the setup followed the principle of the parallel 
plate capacitor perfectly, then no change in potential would be expected when there is no 
charge on the plates present. The offset by 2 V could be due to the coupling effect with the 
brass cell held at zero potential, but may also be due to distortion of the electric field at large 
distances from the test surface and the equipment resolution. All of these effects could 
contribute to the observed offset.  
By applying the grounding procedure described before (Section 5.3.2.2), it was observed that 
the baseline, i.e. background potential, consistently equilibrates at the value of approximately 
2 V when there is no charge on the test surface. Therefore such baseline is treated as the 
background for the measurements.  
5.5 Procedure for the Electrostatic measurements 
Following the optimisation and calibration of the set up, the procedure for conducting the 
measurements was established.  
Prior to the measurement, the relevant temperature and humidity conditions are set. The 
stainless steel test surface is washed with deionised water followed by ethanol and allowed to 
 109 
dry. The pan is placed inside the DVS cell and the cell closed. The cable connected to the 
true ground is attached to the metal connector and screwed in to obtain electrical contact 
between the connector and the test surface. The residual charge is allowed to dissipate and 
the progress is monitored. After approximately 10 min, the ground is removed and the 
background signal is recorded. Once a satisfactory baseline is obtained, the DVS cell is 
opened (whilst still recording the data output) and about 15-20 mg of the material of interest 
is introduced to the test surface. The DVS cell is closed and the initial charge on the powder 
and the subsequent charge decay are measured. 
Figure 5.10 shows a typical plot obtained when negatively charged material is deposited on 
the test surface.  
 
Figure 5.10 Typical potential vs time plot generated using the probe-DVS set up 
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5.6 Reproducibility Verification 
One of the main challenges associated with conducting electrostatic measurements is the 
ability to reproduce experimental results. Being dependent on a large number of factors 
associated with mechanistic aspects of the interaction between powder and surface, powder 
properties and environmental conditions, surprising and sometimes unpredictable results can 
be obtained when measuring powder electrostatics [100].  
In order to assess the reproducibility obtained with the setup developed and the method 
outlined above (Section 5.5), a number of measurements were performed using spherical as 
received glass beads (particle size range 150-210 µm, Polysciences Europe GmbH, 
Eppelheim) rolled over a stainless steel surface directly onto the test surface, as illustrated 
schematically in Figure 5.11. 19 measurements were performed using a fresh sample every 
time. The material was stored in a grounded container prior the measurements. Tests were 
carried out at 25 °C and 20% RH.  
 
Figure 5.11 Schematic diagram of the triboelectric method employed 
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The results obtained are presented in Figure 5.12. In the plot, each data point corresponds to 
an individual measurement performed. In order to minimise the number of steps before the 
measurement, samples were directly dispensed from the container onto the stainless steel 
surface and poured into the measuring pan. Therefore the mass of powder used was 
determined from the reading on the DVS microbalance and the results were normalised with 
respect to the sample mass.  
 
Figure 5.12 Reproducibility data obtained for glass beads negatively charged by stainless 
steel surface (25 °C, 20% RH) 
Overall, an average value of -1.2 ± 0.3 V/mg was recorded for the sample measured. This 
low value is reasonable considering large and smooth particles were tested, and the 
tribocharging method represents rather mild conditions.  
The individual measurements shown in Figure 5.12 give coefficient of variation (CV) of 
25%, which is comparable with previously reported values by Kwek et al. (2012), where 
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values of CV between 4.7% and 32.7% were determined using a similar approach [135]. For 
other techniques, values in the range of 40-50% up to 100% have been reported [128]. The 
measurement-to-measurement deviations obtained here are not expected to result from the 
experimental setup or the procedure adopted, but rather due to the interaction with the 
tribocharging surface. The process of tribocharging was performed manually, and although 
great attention has been paid to ensure the process was as consistent and reproducible as 
possible, it could be potentially less reliable than an automated deposition.  
In addition, as illustrated by the values quoted above for CV, variability of measurements can 
differ substantially for different materials, even when the same method is adopted. This 
implies that variations obtained are more likely to be related to material properties and could 
potentially be an indication of the heterogeneous character of materials.  
5.7 Conclusion 
Overall, a system capable of detecting the electrostatic potential of powder samples was 
successfully designed and tested. Incorporating the sensor into a DVS provides the platform 
to perform tests under a broad range of humidity conditions, even at 0% RH, whilst still 
precisely controlling environmental conditions. This tends to be one of the limitations when 
conventional humidity cabinets are employed. During the development and initial testing a 
number of factors potentially interacting with the signal were identified and resolved. This 
illustrates how such capacitive sensors could be incorporated into existing instruments to 
perform in situ monitoring of the electrostatic charging during processing.  
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Chapter 6 Effect of Surface Functional Groups on the Ability of 
Particulate Materials to Acquire and Dissipate Electrostatic 
Charge 
6.1 Introduction 
Prediction and quantification of the electrostatic properties of pharmaceutical powders 
remains one of the main challenges in the field of electrostatics. As discussed in Chapter 3, 
the complexity of the subject lies primarily in a large number of factors affecting the process 
of triboelectrification, lack of understanding of the interacting surfaces and the nature of the 
interaction itself. This results in a continuous debate on the underlying principles of contact 
electrification, including concepts such as the possible mechanisms responsible for the 
process, role of water and specific characteristics of the powder.  
Overall, factors affecting charging of the materials can be categorised into three general 
groups: external environmental conditions, inherent properties of the contacting surfaces, i.e. 
the powder and tribocharging surface, as well as mechanics of the interaction between these 
surfaces [88]. 
Environmental conditions, namely humidity and temperature, have been shown to impact the 
magnitude of the charge generated. Out of the two, humidity tends to attract more interest, 
because it is directly related to the presence of water molecules in the air that can become 
adsorbed onto the surfaces of interest. As a result, the surface is believed to become more 
conductive and therefore less prone to accumulation of the electrostatic charge [124]. Such 
effect of increased humidity on lowering the charge generated and faster charge dissipation 
has been reported for a number of common pharmaceutical powders, including α-lactose 
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monohydrate, micronised salbutamol sulphate and ipratropium bromide [123, 124]. Elajnaf et 
al. (2006) found this general trend to be irrespective of the type of the material tested. 
However, it was noted that certain combinations of the powder and tribocharging surface led 
to a more pronounced charge reduction as humidity was increased [123]. An interesting 
observation was made by Soares et al. (2008), who proposed that water from the atmosphere 
can become adsorbed on the surfaces in a form of [H(H2O)n]+ and [OH(H2O)n]- ions and 
contribute towards charge reduction [95]. Furthermore, Burgo et al. (2011) observed that 
preferential deposition of either ion can take place, depending on the nature of the surface. 
Specifically, for hydrophobic surfaces, more efficient adsorption of [OH(H2O)n]- ions was 
noticed, presumably contributing towards not so efficient charge dissipation under higher 
humidity conditions [94].  
In their study on modified acetaminophen, Jallo et al. (2015) speculated that the moisture 
adsorbed due to increased humidity could potentially influence powder surface properties, 
such as the dispersive and acid-base components of particle surface energy [198]. Indeed, the 
material coated with the hydrophilic silica particles was observed to charge to a much smaller 
extent as humidity was gradually increased from 25% RH to 65% RH, compared to the 
uncoated acetaminophen. This trend correlated with a decrease in a dispersive surface energy 
component for the two materials as a result of increased humidity. In addition, the role of 
acid-base properties, i.e. ability to accept and donate electrons was emphasised and linked to 
the chemical structure of the sample studied [198]. In fact, Gouveia et al. (2012) claimed that 
the acid-base character of solid surfaces may dictate preferential adsorption of one type of 
ions only, with OH- ions being favoured to H+ when acidic sites are considered [199]. A 
similar concept in which the electron acceptor/ donor properties of the functional groups may 
potentially be correlated to their charging response has been previously raised, but no 
experimental evidence was provided to support the statement [100, 200].  
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The study conducted by Jallo et al. (2015) shows how careful analysis of the inherent 
properties of powders could aid understanding and predicting of the electrostatic properties of 
novel compounds. In fact, the effect of some basic properties of particulate materials on their 
chargeability has been studied relatively well, and these include particle size [135, 201, 202], 
roughness [203], crystallinity [131, 204] and water content [128].  
Based on a number of different compounds, Šupuk et al. (2012) made a general observation 
that APIs tend to accumulate much greater charge compared to pharmaceutical excipients 
[205]. Looking at their physical properties only, most APIs are characterised by substantially 
smaller particle size than excipients. Small particles have been shown to accumulate 
increased charge compared to big particles, however the absolute effect of the particle size as 
such on charge accumulated is not established. The trend is usually explained by small 
particles having higher surface area compared to large particles and hence a greater surface 
being available for tribocharging [205]. However, in some cases, the inversion of polarity has 
been observed depending on the particle size, with small particles accumulating more 
negative charge compared to large particles. This observation is usually explained based on 
the work function, i.e. the energy needed to remove an electron from a particle surface, 
which, based on theoretical calculations, can be lower for larger particles. This means that if 
charge is transferred between the particles of the same material, small particles will become 
negatively charge due to the electrons transferred from the larger particles, however this can 
be detected only if bipolarity of powder can be studied [100, 198].   
Karner et al. (2014) studied the influence of surface roughness and particle aspect ratio of 
spray dried mannitol particles on charging behaviour upon aerosolisation from the inhaler. 
However, a rather weak correlation was found due to two parameters being changed at the 
same time [203]. Indeed, when comparing electrostatic behaviour of different materials, it 
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can be very challenging to determine a primary parameter accounting for the observed 
differences, as usually the materials studied exhibit very different characteristics.  
Although it has been previously noted that the ability to control particle properties is crucial 
for controlling their electrostatic properties [205] and a number of different factors have been 
investigated, little work has been conducted that would investigate individual factors 
separately. In fact, the recent research presented by Jallo et al. (2015) is one of the most 
comprehensive studies truly focusing on the analysis of the impact of surface properties to 
account for the electrostatic properties of the material. Previously, a similar consideration of 
the surface properties, namely the acid-base properties, was made by Clint et al. (2001) who 
calculated the electron-donor surface energy parameter for a number of materials and 
compared them to the order of materials in triboelectric series. Even though no other material 
characterisation was carried out, Clint et al. (2001) stated that the acid-based parameter 
calculated provides a good indication on the charging properties of the materials, as the 
materials could be arranged in the same order based on the parameter calculated as in the 
triboelectric series [206].  
Therefore, the purpose of this study is to evaluate the influence of surface chemistry 
specifically, i.e. the presence of different functional groups only, on the propensity for 
particulate materials to acquire and dissipate electrostatic charge. The main hypothesis here is 
that the functional groups present at the contact surfaces of particles could be considered as 
one of the primary factors determining the electron transfer and hence charge generated on 
the surface. As discussed above, there is a strong evidence that electrostatic charging is 
related to the surface composition, however thus far this conclusion was based on studies 
carried out on different materials, where other parameters, such as particle size for example, 
could affect the experimental results. Hence, the main aim of the experimental design is to 
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prepare materials with varied functional groups on the surface and ensuring all the other 
parameters are kept the same across all the samples studied. For this purpose, glass beads 
were selected as a model particulate material, and silanisation reaction was used to achieve 
desired surface functionalisation, as outlined in Section 6.2.2.1. The functional groups used 
for silanisation reaction were selected such that surfaces with a broad spectrum of 
hydrophobic degrees were obtained.  
6.2 Materials and Methods 
6.2.1 Materials 
Glass beads (particle size distribution 150-210 µm) were purchased from Polysciences 
Europe GmbH, Eppelheim. Absolute ethanol (AnalaR NORMAPUR ACS), obtained from 
VWR West Sussex, UK, and deionised water (DI) were used for cleaning purposes. 
Concentrated 15.7 M nitric acid (Sigma-Aldrich, Dorset, UK), toluene (AnalaR 
NORMAPUR ACS) from VWR West Sussex, UK, trimethoxy(3,3,3-trifluoropropyl)silane 
(≥97.0%, Aldrich), 3-cyanopropyltriethoxysilane (≥98.0%, Aldrich) and 3-
aminopropyltriethoxysilane (≥99.0%, Aldrich) were used as received for silanisation 
reactions.  
6.2.2 Methods 
6.2.2.1 Surface Modification via Silanisation  
The as received glass beads were cleaned using DI water, ethanol and again DI water 
followed by drying and then placing in concentrated nitric acid at 65 ºC for 5 hr. The beads 
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were then filtered, washed with DI water and dried in a vacuum oven at 60 °C and 800 mbars 
for at least 4 hr. The surface chemistry of the cleaned beads was then modified, following the 
methods reported previously [157, 158]. Briefly, the beads were placed in toluene, stirred at 
room temperature for 10 min and subsequently a selected silane reagent was added to yield 
1% (v/v) silane solution in toluene. The reaction flask was heated to approximately 100 ºC 
under reflux and stirred overnight, while controlling the temperature using a temperature 
probe. After the time elapsed, the beads were filtered, rinsed first with toluene to remove any 
unreacted silane and then with ethanol. The beads were dried in a vacuum oven at 60 ºC for a 
minimum of 4 hr. One batch of each functionalisation was prepared. Prepared materials were 
stored in sealed containers for further characterisation, as described in Sections 6.2.2.2 and 
6.2.2.3. 
6.2.2.2 Contact Angle Measurements 
Prepared glass beads were adhered to a glass slide using double-sided tape to form a single 
layer. Static sessile drop measurements to determine contact angle were performed with 
water as a probe liquid using an EasyDrop Contact Angle measuring instrument (Krüss 
GmbH, Hamburg, Germany). Five replicates were performed for each sample, at ambient 
conditions. The same procedure was used to measure the contact angle of the glass slide and 
adhesive tape for reference. 
In order to estimate the area of glass slide covered with glass beads, seven top-view images 
were taken for each sample prepared using a reflected light microscope with a CCD camera 
(BX51, Olympus, UK). The images were then analysed using free Java-based image software 
ImageJ 1.49v (National Institutes of Health, https://imagej.nih.gov/ij/download.html).  
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6.2.2.3 Electrostatic Measurements 
6.2.2.3.1 Tribocharging Measurements 
Triboelectrification of the glass beads due to contact with stainless steel was measured using 
a capacitive probe – DVS setup, as outlined in Sections 5.5 and 5.6. The glass beads were 
stored in a conductive-grounded container at controlled environmental conditions (25 ºC, 30-
35% RH) for a minimum of 18 hr prior to measurement. A U-shaped stainless steel spatula 
was used to charge particles by rolling and dispense them directly into the measuring pan 
(Figure 5.11). The charge decay was measured at 25 ºC and three different humidity levels: 
20% RH, 50% RH and 75% RH. The weight of sample used was recorded. At least six 
measurements were performed for each sample under each selected conditions.    
6.2.2.3.2 Corona Discharge Measurements  
The electrostatic properties of the glass beads were further assessed using a Charge Decay 
Time Analyser (CDTA) (JCI155 v6, Chilworth Technology Ltd. Southampton, UK). Samples 
were equilibrated at target conditions for a minimum of 18 hr prior to measurement. 2 g of 
glass beads were placed in the sample holder to form an even layer. Both a negative and 
positive corona discharge of 8.0 kV were applied separately to the sample for a duration of 
0.02 s (as recommended by the manufacturer) and the rate of charge decay was measured 
until 10% of the initial charge was reached. Four measurements were performed for each 
sample at 25 °C and three different humidity levels: 25% RH, 50% RH and 75% RH in a 
temperature and humidity controlled cabinet (Safetech, Climatezone, Hampshire, UK).  
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6.3 Results and Discussion  
6.3.1 Sessile Drop Contact Angle on Glass Beads  
In order to assess whether silanisation reactions were successful, contact angle measurements 
were performed on as received, cleaned and silanised glass beads. Depending on the type of 
silane used, i.e. the hydrophobicity of the functional groups, overall wettability of the treated 
surface can be increased or decreased [207]. The silanisation reaction involves displacement 
of the hydroxyl group of the treated surface by the silane group from the silane reagent 
(Figure 4.2). Three silane agents (Figure 6.1) were employed to achieve samples with amino 
(NH2), cyano (CN) and fluoro (F) functionality.  
 
Figure 6.1 Chemical structures of A: 3-aminopropyltriethoxysilane, B: 3-
cyanopropyltriethoxysilane and C: trimethoxy(3,3,3-trifluoropropyl)silane 
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Contact angles on the prepared glass beads adhered to the glass slides were measured with 
water (Table 6.1). An attempt was made to obtain the measurements using diiodomethane, 
however the drops were found to spread completely very rapidly on the funcionalised beads 
and no value could be obtained.  
Material Contact angle measured θ (°) Corrected contact angle θ (°) 
Glass Beads (as received) 52.3 ± 2.8 35.6 ± 3.1 
Glass Beads –OH (cleaned) 49.0 ± 0.9 28.3 ± 0.8 
Glass Beads –NH2 84.0 ± 1.3 63.3 ± 6.6 
Glass Beads –CN 92.3 ± 3.4 87.8 ± 6.4 
Glass Beads –F 112.9 ± 0.4 115.7 ± 4.0 
Glass slide (cleaned) 17.0 ± 1.6 - 
Adhesive tape 103.9 ± 2.8 - 
Table 6.1 Measured and corrected contact angle values for the materials tested (n=5, mean ± 
S.D.) 
The contact angle using water was also measured on cleaned glass slide and adhesive tape 
used for adhering the glass beads, for reference (Table 6.1). The large value of 103.9° 
obtained for the adhesive tape indicates that the tape displays hydrophobic character. As the 
tape was used to prepare the specimens for θ of glass beads, its hydrophobic character can 
affect the value measured, according to the Cassie-Baxter equation (Equation 6.1). Even the 
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most efficient packing of the spheres leaves empty voids, and therefore a heterogeneous 
surface is created.  
The Cassie-Baxter equation describes the apparent contact angle of the surface consisting of 
more than one component: 
𝑐𝑜𝑠𝜃 = 𝛼!𝑐𝑜𝑠𝜃! + 𝛼!𝑐𝑜𝑠𝜃!                                Equation 6.1 
Where 𝛼!and 𝛼! are the surface area fractions, whereas 𝜃!and 𝜃! are the contact angles of 
pure surfaces for the components 1 and 2, respectively. Therefore, the area fractions of the 
individual components will determine the contact angle measured.  
The measured contact angles were therefore corrected to account for the presence of voids 
and hydrophobic adhesive tape exposed (Table 6.1). The coverage of glass slides with the 
glass beads was estimated based on a number of microscope images taken for each slide and 
analysed using the image analysis software. Figure 6.2 shows examples of the images taken, 
showing the arrangement of the glass beads on the slides. 
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Figure 6.2 Microscope images of the contact angle specimens of A: untreated glass beads, B: 
cleaned glass beads, C: NH2-glass beads, D: CN-glass beads and E: F-glass beads. 
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In addition, the adhered glass beads and the voids created between them result in the overall 
surface being quite rough. According to the Wenzel equation (Equation 6.2), the additional 
surface created due to roughness can affect the contact angle measured [186]:  
𝑟! ∙ 𝑐𝑜𝑠𝜃! = 𝑐𝑜𝑠𝜃!                                      Equation 6.2 
where rw is roughness factor (ratio of the total surface area to the projected surface area), θY is 
Young equilibrium contact angle and θW is the Wenzel measured contact angle.  
The roughness factor is always greater than 1, whereas the value of 1 is obtained for a 
perfectly smooth surface. Consequently, surface roughness emphasises the inherent 
hydrophilicity and hydrophobicity of a surface, as the measured contact angle is smaller than 
the true value for θY < 90° and the opposite is true for θY > 90° [186]. The impact of surface 
roughness on the measurable contact angle for a number of surfaces with different 
hydrophobic degree is illustrated in Figure 6.3.  
Here, it is assumed that the surface roughness for the individual specimens is comparable 
between the samples prepared, as the glass beads with the same average particle size were 
used and similar coverage of the slides (approximately 72-80%) was achieved. Furthermore, 
the contact angles of around 85-115° are not significantly distorted by the surface roughness 
even up to rw=1.6 (Figure 6.3), whereas the two hydrophilic surfaces, –OH and –NH2, show 
very distinct contact angles and can be distinguished even if a large roughness was observed.  
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Figure 6.3 Effect of surface roughness on the measurable contact angle for surfaces with 
different hydrophobic degree calculated based on Equation 6.2. 
Overall, the measurements performed show that the surface of glass beads have been 
successfully modified and the samples can be arranged in the following order of increasing 
hydrophobicity: 
GB-OH < GB < GB-NH2 < GB-CN < GB-F 
The GB sample here is given as a reference to show that the applied cleaning exposed 
hydroxyl groups and made the surface more hydrophilic compared to as received sample.   
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6.3.2 Electrostatic characterisation  
6.3.2.1 Charge accumulation upon tribocharging  
The propensity of each sample to accumulate charge due to the contact friction with stainless 
steel was assessed by rolling the glass beads over a U-shaped surface (Figure 6.4) directly 
into a measuring pan. Figure 6.5 presents the maximum surface potential (Vmax) detected, 
normalised with respect to the mass of the material used.  
 
Figure 6.4 Stainless steel surface used for the tribocharging experiments. 
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Figure 6.5 Maximum potential acquired by functionalised surfaces tribocharged by stainless 
steel surface (25 °C, 20% RH, n=6-10, mean ± S.D.) 
Each sample studied accumulated a distinct level of electrostatic charge under the same 
conditions of charging. The GB-OH surface acquired the potential of -1.9 ± 0.3 V/mg, 
whereas the values of +2.1 ± 0.3 V/mg and -2.6 ± 0.5 V/mg were recorded for GB-NH2 and 
GB-CN, respectively. Among the samples studied, the fluorine-functionalised surface, GB-F, 
acquired the largest potential of -11.2 ± 2.8 V/mg.  
Based on the overall magnitude of charging, the functionalised glass beads can be ranked in 
the following order of increasing propensity to accumulate charge:  
GB-OH < GB-NH2 < GB-CN < GB-F 
The above arrangement of the samples is in the same order as the hydrophobicity trend 
determined based on the contact angle measurements (Section 6.3.1). As the samples studied 
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differ in surface functionalisation only, this implies that as the surface becomes more 
hydrophobic it is capable of accumulating greater charge. A similar observation was made by 
Jallo et al. (2015) who compared the electrostatic behaviour of two different silica coatings 
and found the hydrophobic coating to accumulate greater charge compared to the hydrophilic 
silica [198]. It can be concluded here that the observed differences in the electrostatic 
behaviour are associated with the chemical groups attached to the surface, as otherwise the 
characteristics of the samples tested are very similar.  
The results presented in Figure 6.5 show that the surfaces studied accumulate predominantly 
negative charge as a result of friction with stainless steel. This trend is quite reasonable 
considering the metal nature of the contacting surface and its free electrons susceptible for 
donation. However, the amino-functionalised surface, the GB-NH2, is the only one that 
picked up a positive charge. In addition, the other nitrogen-containing surface, the GB-CN, 
accumulated a negative charge.  
From a chemical point of view, these two nitrogen-containing functional groups show very 
different behaviours. Amines are considered as Brönsted bases, i.e. proton acceptors, or, 
alternatively, as Lewis bases, i.e. electron donors. They possess a lone pair of electrons on the 
nitrogen atom that can be quite readily donated, and this supports why positive charge is 
observed when the GB-NH2 interacts with stainless steel. However, the opposite it true for 
the cyanide even though it also possesses a lone pair on the nitrogen atom. The major 
difference between the two lone pairs is the hybridisation of the orbital they occupy and how 
closely they are held to the nucleus. In the cyano group, sp orbital shows 50% s character 
(Figure 6.6) and therefore the electron density is held much tighter than in the case of sp3 
orbital in the amino group, where there is only 25% s character (Figure 6.7). The greater s 
character of the lone pair in the cyano group significantly reduces its basic properties. In 
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organic chemistry, the basicity is usually expressed based on the pKa values of conjugated 
acids, and the higher pKa indicates stronger base. Alkyl amines typically show pKa values of 
9-10, whereas corresponding cyanides usually show pKa of -10 [208].   
 
Figure 6.6 Diagram of cyano group orbital hybridisation 
 
Figure 6.7 Diagram of amino group orbital hybridisation 
Furthermore, the fluorinated sample shows a significantly stronger accumulation of the 
negative charge compared to the other surfaces tested. This observation could be due to 
fluorine high affinity towards electrons, as indicated by the Pauling scale. Fluorine, with the 
electronegativity number of 4.0, is the most electronegative element in the periodic table. A 
similar conclusion was made by Kwok et al. (2008), who studied the electrostatic properties 
of two fluorine-containing propellants employed in the metered dose inhalers. The highly 
negative charge detected was attributed to the presence of fluorine atoms in the formulations 
studied [209].  
Previously, a molecular approach for accounting for tribocharging was employed by Németh 
et al. (2003), who investigated charging abilities of a series of polymers. In their work, the 
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positive and negative surface charge densities recorded under specified conditions were 
successfully correlated to the polymers Lewis acid-base character [210]. Based on the results 
obtained here, it could be expected that a similar principle is true for other materials.  
6.3.2.2 Charge accumulation upon corona discharge 
The ability of the functionalised glass beads to acquire and dissipate charge was further 
examined using a JCI CDTA (Section 4.6.11) employing a corona discharge device. 
Charging via corona discharge is often a preferred method of testing the electrostatic 
properties of materials as it involves subjecting a sample to a known pre-set voltage, 
eliminating the problem of irreproducible charging. In addition, both charge deposition and 
its subsequent charge decay take place in a confined space isolated from an operator or other 
instruments, avoiding any interference with the value being measured.  
  
Figure 6.8 Maximum potential (Vmax) acquired by the functionalised glass beads through 
corona discharge of +/- 8.0 kV (25 °C, 25% RH, n=4, mean ± S.D.) 
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The maximum potentials (Vmax) acquired by the samples tested, as a result of a positive and 
negative corona discharge being applied, are displayed in Figure 6.8. The values obtained 
indicate that each functionalisation gives rise to different charge accumulation abilities of the 
material.  
Based on the magnitude of charge acquired, the samples can be classified in the order of 
increasing capability to accumulate charge, as follows:  
GB-OH < GB-NH2 < GB-CN < GB-F 
This trend is observed irrespective of the polarity of the corona applied.  
For each surface chemistry tested, the absolute values obtained are very similar when either 
corona polarity is applied, however a slight preference towards accumulation of a negative 
charge is observed. The ratio of the positive potential to the negative potential is comparable 
for all the surfaces tested - between 0.67 for GB-CN and 0.72 for GB-OH. Therefore, in 
contrast to the tribocharging method (Section 6.3.2.1), no preference towards a specific 
polarity is observed when corona discharge is used. This implies that the results obtained due 
to corona charging could provide information on the charge accumulation due to the 
hydrophobicity of the material only, independently of the contacting surface (Figure 6.9). 
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Figure 6.9 Maximum potential acquired by functionalised glass beads upon corona discharge 
as a function of surface contact angle (25 °C, 25% RH, n=4, mean ± S.D.) 
6.3.2.3 Effect of humidity on the charge accumulation upon corona discharge 
Negative corona discharge was applied to all the prepared samples at 50% RH and 75% RH 
to assess the effect of humidity on their ability to accumulate charge. The results obtained are 
displayed in Figure 6.10. 
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Figure 6.10 Maximum potential acquired by functionalised glass beads upon negative corona 
discharge as a function of humidity (n=4, mean ± S.D.) 
As humidity is increased from 25% RH to 50% RH and then to 75% RH, progressively 
smaller and smaller potential is acquired by the samples. This trend is valid for three out of 
the four samples tested. However, the fluorinated sample is an exception here as it shows the 
same charge accumulation under all the conditions applied. Charge reduction as a result of 
increased humidity has been reported previously [123, 124, 198], however no direct 
correlation between the magnitude of charge reduction and surface hydrophobicity was made.  
The results obtained here indicate that humidity could strongly affect the initial charge 
accumulated through deposition of water molecules on the surface of interest. Consequently, 
the surface becomes more conductive compared to the bare surface. In addition, hydrophilic 
surfaces show greater affinity to water than hydrophobic materials [211] and are more likely 
to adsorb more water on their surfaces when exposed to high humidity conditions than 
hydrophobic materials. Therefore the extent of charge reduction may not be the same for all 
the materials if it was impacted by adsorbed water. This could explain the observations 
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illustrated in Figure 6.10. The fluorinated surface is so hydrophobic that only little water 
adsorption is expected and therefore the surface remains predominantly unchanged, even 
when the humidity is increased up to 75% RH. Hence the same response is observed under all 
the conditions tested. Furthermore, an interesting observation was reported by Burgo et al. 
(2011), who suggested that OH- ions may become preferentially adsorbed on hydrophobic 
surfaces [94]. Following this observation and considering a negative charge observed here, an 
excess of OH- ions on the fluorinated surface might not only limit the conductive effect of 
water on the surface, but may also potentially contribute further to the charge observed.    
6.3.2.4 Effect of surface chemistry and humidity on the charge relaxation 
The charge relaxation curves, post-tribocharging and post-corona charging (Figure 6.11 and 
Figure 6.12, respectively), were recorded for the samples prepared to compare their abilities 
to dissipate charge.  
 
Figure 6.11 Charge decay of functionalised glass beads at different humidity levels as a result 
of tribocharging by stainless steel surface (n=6, mean ± S.D.) 
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Figure 6.12 Charge decay of functionalised glass beads at different humidity levels as a result 
of negative corona charging (n=4, mean ± S.D.) 
In Figure 6.11, the charge decay characteristics are described in terms of half-life time (t1/2), 
i.e. the time needed for the potential to go down to 50% of its initial level. In Figure 6.12, the 
charge relaxation behaviour is described based on the time needed for the potential to 
decrease to 36.7% of the initial value, and is denoted by t1/e. These provide an indication on 
how quickly the charge migrates away from the surfaces and allows comparison of samples 
subjected to each charging conditions.  
Both methods employed show a common trend of the time needed to dissipate the charge 
being reduced as humidity increases. This observation is in a good agreement with previously 
published data for selected pharmaceutical materials [124]. However, the magnitude of this 
effect is not the same for all the functionalised surfaces. For example, as the humidity 
increases from 25% RH to 75% RH, the t1/e for the fluorinated surface is reduced 1.6 times, 
whereas for the cyano surface this value is reduced 12.2 times (Figure 6.12). In addition, at 
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low humidity, the spread of the values recorded for the samples is much broader, whereas as 
the humidity level increases, the charge decay times become more similar and the effect of 
the surface chemistry is less pronounced.  
The values presented in Figures 6.11 and 6.12 show substantially different timescales, and 
this is a result of the conditions applied under each method. In the setup employed for the 
tribocharging testing (Figure 6.11), the sample under test is electrically isolated, such that the 
routes for charge dissipation are limited to those within the sample only, such as bulk 
insertion or recombination with ions through air, as discussed in Section 3.2.7. In the JCI 
CDTA (Figure 6.12), an additional charge dissipation pathway is provided, due to the sample 
being placed on a conductive plate. In the second case, the charge relaxation times are 
significantly shorter, possibly because the grounding is a more efficient charge neutralisation 
method, accompanied by other charge relaxation mechanisms.  
Furthermore, although the initial charge recorded for the fluorinated surface was not affected 
by the increased humidity (Section 6.3.2.3), the opposite is true for the charge relaxation. 
Even though the surface is strongly hydrophobic, the time needed for the charge to migrate 
away from the surface is shorter under high humidity conditions compared to low humidity. 
This suggests that charge relaxation properties could be a function of not only the moisture 
existing on the surface, but also are dependent on the concentration of water molecules in the 
environment. Charge neutralisation through recombination with ions in the air has been 
previously considered as a possible route of charge dissipation [111]. 
 137 
6.4 Conclusion 
The electrostatic properties of a model material as a function of surface chemistry exclusively 
were studied and compared. Both the initial charge acquired as well as the charge relaxation 
times were found to be dependent on the chemical groups exposed on the surface. The 
surfaces with four functionalities, namely hydroxyl, amine, cyano and fluorine groups, were 
prepared and the hydrophobicity order was determined as: 
GB-OH < GB-NH2 < GB-CN < GB-F 
Based on the tribocharging with stainless steel surface and corona discharge measurements, 
the propensity of the each surface towards accumulation of charge was determined and found 
to follow the same order as the hydrophobic nature of the materials. This general trend was 
concluded to be valid for the materials where little surface water sorption is expected. In the 
presence of increased moisture, adsorption of water molecules to the surface of the material 
can lead to increased surface conductivity and lowering the charge acquired. The fluorinated 
surface was found to be an exception from this trend and this was attributed to its highly 
hydrophobic nature and therefore very limited adsorption of water molecules. Consequently, 
the accumulation of charge was concluded to be dependent on the moisture present on the 
surface during the processing leading to charge generation. In addition, unique properties of 
heteroatoms were found to affect the magnitude and polarity of charge when interaction with 
another surface takes place.   
The charge relaxation times were also found to be dependent on the surface functional 
groups, and further affected by the humidity of the surrounding environment. In contrast to 
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the initial charge, the level of humidity promotes faster charge relaxation, even for highly 
hydrophobic surfaces.  
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Chapter 7 Effect of Crystal Habit and Surface Energy on 
Electrostatic Properties of Mannitol 
7.1 Introduction 
As discussed in Section 6.1, the electrostatic properties of powders may be affected by a 
number of inherent properties [9], such as particle size [135, 201, 202], surface 
hydrophobicity [198, 206], surface roughness [203], degree of crystallinity [131, 204] and 
water content [128]. Even though contradictory results on the overall effect of these are 
sometimes reported [9, 135], it is generally accepted, that controlling the particle properties 
can lead to a better understanding and control of the electrostatic events when powder 
charging is considered [205].   
Murtomaa et al. (2004) observed that particle morphology homogeneity has an important 
effect on the reproducibility of the electrostatic measurements, indicating that a large 
variation in the experimental results could be indicative of the heterogeneous character of the 
samples studied [72]. In fact, particle shape tends to be claimed as one of the most difficult 
particle parameters to control [10], yet it strongly influences the overall powder behaviour, 
including bulk flow properties [25, 212], particle fracture [29] and powder cohesion [158], as 
well as powder compressibility during tableting processes [28]. Fu et al. (2012) observed that 
nearly spherical lactose particles show better packing behaviour prior to compression testing 
than the more irregularly shaped particles, resulting in poorer compressibility [25]. On the 
other hand, Rasenack et al. (2002) showed that good flow properties of thin-plate ibuprofen 
allows homogenous die filling leading to the formation of stronger compacts [28].  
Different processes can contribute to the final outer appearance of a crystal, also referred to 
as a crystal habit [28]. When crystallisation from a solution is considered, the resulting 
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crystal habit is a manifestation of both the molecular arrangement within the crystal structure 
and interactions taking place between the solute and solvent molecules during the 
crystallisation process giving rise to the growth of the crystal facets [30]. Therefore, crystal 
habit may be controlled relatively well and deliberately modified if needed during a 
crystallisation process by altering the relative growth rates of the individual crystal facets 
[158]. This can be achieved through varying crystallisation process parameters, such as 
supersaturation and cooling rate, but also through incorporating different crystallisation 
solvents, addition of surfactants and additives [36, 158]. Further processing may however 
modify particle shape, and depending on the method applied, either more uniform, like in the 
case of spray drying [213], or more irregular, like in the case of milling [214], shapes can be 
obtained [10].  
The impact of particle morphology on the electrostatic properties of particles has not been 
studied as extensively as other particle parameters. This could be due to the fact that isolating 
its effect from other factors is difficult, as a change in crystal habit may be accompanied by 
changes in other particle properties as well, for example partial amorphisation when 
modifying shape by spray drying [9, 72]. Similarly, Karner et al. (2014) investigated the 
impact of mannitol particle shape and roughness on the electrostatic charge generated upon 
aerosolisation. Even though the particles acquired distinct magnitudes of charge, direct 
correlation to the particle elongation degree was difficult, as significant variations in the 
surface roughness were observed. Overall, however, it was concluded that the charge 
generated increases as both roughness and particle sphericity increase [203]. In contrast, 
Chakrabarty et al. (2008) proposed that, for the same mass, elongated particles are more 
likely to accumulate increased charge compared to spherical particles due to the greater 
spatial distribution of the charge across their surface [215]. However, in most studies, spray 
dried particles were employed, and, overall, sphere-like particles with small variations in 
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aspect ratios were compared. Even though extensive particle characterisation was performed, 
no attempt was made to correlate the charge to the actual surface characteristics, such as 
individual facets, surface energy or wettability [72, 203, 216]. However, an interesting study 
on the effect of the particle geometry on the charge acquired, and further coating efficiency, 
was conducted by Miller et al. (2002). In the study, sodium chloride in the form of crushed 
flake, hollow pyramid, cube and porous cube shapes were investigated and, for the same 
particle size, it was observed that flakes and pyramids acquired the greatest charge, possibly 
due to the largest surface area. In addition, in the case of the particles, which showed poor 
adhesion properties, significant improvement in coating was observed when the charge was 
present on their surface [217]. 
An important consequence of particles having well defined shapes and crystal facets has been 
reported by Heng et al. (2006), who observed that individual facets of paracetamol form I can 
exhibit distinct surface properties, such as wettability and surface energy, leading to overall 
surface anisotropy [21]. Indeed, during the crystallisation process, the growth of facets takes 
place and depending on the molecules arrangement within crystal lattice, different polar and 
non-polar groups become exposed at each facet formed [30]. Surface anisotropy has been 
reported for a number of materials and linked to their surface functional groups by XPS 
studies [19, 21, 22, 218].  Furthermore, Shah et al. (2014) illustrated that crystal habit 
exclusively may significantly affect the powder cohesion, as an increase in cohesion of 2.5 
times was observed for the needle shaped particles compared to the hexagonal cuboids or 
elongated plates [158]. 
Therefore, considering the research done thus far and based on the results discussed in 
Chapter 6, it is quite likely that the same material may exhibit different charging properties if 
the particle shape is changed. Hence, the aim of this part of the study is to investigate the 
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effect of crystal habit on the charge acquired as a result of corona discharge. In order to 
minimise the number of factors potentially affecting powder electrostatic properties, such as 
different polymorphs, degree of crystallinity and surface contamination with different 
solvents, mannitol was selected as a model system for the study. It has been previously 
shown that mannitol crystals with varied crystal habit can be obtained through re-
crystallisation from water only [34]. In this way, the use of other solvents is avoided. In 
addition, surface anisotropy for needle-shaped mannitol has been previously reported [23, 29] 
making it a suitable system for this work.   
7.2 Experimental Section 
7.2.1 Materials 
D-mannitol (Pearlitol 200SD, Roquette, France) was obtained from Pfizer. Methanol (AnalaR 
NORMAPUR ACS) obtained from VWR (West Sussex, UK) and deionised water (DI) were 
used as received.  
7.2.1.1 Re-crystallisation of Mannitol 
The procedure adopted for the re-crystallisation of mannitol was based on a previously 
published method by Kaialy et al. (2012) [34] and modified accordingly. Four solutions of 
mannitol were prepared by dissolving 100 g, 150 g, 200 g and 250 g of mannitol in DI water 
in a reaction vessel (AutoLab, HEL group, Hertfordshire, UK) to yield 500 mL of solution, 
with the following concentrations: 20%, 30%, 40% and 50% (w/v), respectively. The 
mixtures were initially heated to promote mannitol dissolution and stirred at 300 rpm. Once 
fully dissolved, the heating was switched off and the solutions were allowed to cool naturally 
to room temperature and remained under continuous agitation (300 rpm) for at least 24 hrs. 
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The resulting crystals were then filtered off under vacuum and washed with a small amount 
of methanol to remove the mother liquor. It was observed that without washing with 
methanol, a product consisting of hard agglomerates was formed in contrast to individual 
crystals. The collected crystals were dried in a vacuum oven at 70 °C and 800 mbars for at 
least 4 hrs. For each crystallisation conditions, one large batch of material was prepared.The 
final material was sieved using a base pan and 45, 75, 125, 180, 250 and 355 µm stainless 
steel sieves (Endecotts Ltd., London, England) to obtain materials with similar particle size. 
The separate fractions were collected and kept sealed at room temperature. For comparison 
purposes, the starting material was sieved in the same way.  
7.2.2 Methods 
7.2.2.1 Particle Shape Analysis 
Particle shape analysis of the mannitol sieve fractions was performed using QICPIC QP0280 
dynamic image analysis DIA system (Sympatec GmbH, Clausthal-Zellerfeld, Germany) with 
RODOS dispenser and the VIBRI feeder attachment (Sympatec GmbH, Clausthal-Zellerfeld, 
Germany) using a dry dispersion method. For each sample, approximately 200 mg of the 
material was dispersed at a pressure of 0.5 bar and 500 s measurement duration time was 
applied. It was ensured that each measurement contained at least 300 000 particles to ensure 
representative sampling.   
7.2.2.2 Surface Area Analysis 
The Brunauer-Emmett-Teller (BET) specific surface area for the selected samples was 
determined from nitrogen adsorption using a TriStar II 3020 v.2.00 surface area analyser 
(Micromeritics, Norcross, GA, US). Approximately 1.5 g of material was purged overnight 
with helium at 40 °C prior to measurement. 
 144 
7.2.2.3 Powder X-ray Diffraction 
X-ray powder diffraction was performed on the selected samples using a Bruker D4 
Endeavor X-ray diffractometer (Bruker, Karlsruhe, Germany) with Cu Kα radiation. All 
scans were obtained over a range of 2-55° 2theta, at a 0.0183° step size and 0.2 s/step. 
Patterns were analysed using Bruker AXS EVA Diffrac 4.1.1 software. 
7.2.2.4 Surface Energy Analysis 
The dispersive and polar surface energy distributions of the selected samples were measured 
using the iGC-SEA instrument (Surface Measurement Systems, London, UK) with a flame 
ionisation detector (FID). The FID measures the conductivity of a hydrogen flame upon 
ionisation of organic probes. Each sample was packed into a separate standard pre-silanised 
column (300 mm length x 4 mm internal diameter) and sealed with silanised glass wool at 
each end to keep the sample in a fixed position. Columns were filled with about 1-1.5 g of 
material, (estimated from the specific surface area) and conditioned in-situ in the iGC-SEA 
with helium for 2 hrs at 30 °C and 0% RH. A series of n-alkane vapour probes (nonane, 
octane, heptane and hexane) and specific probes (dichloromethane and ethyl acetate) (all 
HPLC grade, Sigma-Aldrich, Dorset, UK) were injected at a surface coverage range from 
0.005 n/nm to 0.15 n/nm. Methane gas was used to determine column dead volume. Helium 
was used as a carrier gas for all injections with a flow rate of 10 sccm and a temperature of 
30 °C was used. Analysis was performed using Cirrus Plus software (Surface Measurement 
Systems, London, UK). 
7.2.2.5 Electrostatic characterisation 
The electrostatic properties of the selected mannitol samples were determined using a Charge 
Decay Time Analyser (CDTA) (JCI155 v6, Chilworth Technology Ltd, Southampton, UK). 
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The samples were pre-conditioned in a humidity cabinet (Safetech Climatezone, Hampshire, 
UK) at 25 °C and 45% RH for a minimum of 8 hrs prior to measurement. 1.8 g of the powder 
was placed in the sample holder and the surface of the powder bed was smoothed using a 
metal scraper to produce a uniform, flat surface. The sample was placed inside the instrument 
and a corona discharge of -8.0 kV was applied to the surface for 0.02 s. Data recording 
commenced at 0.07 s after corona discharge, as recommended by the manufacturer. Prior to 
the test, the surface voltage was ≤ ±5 V. The plate speed was set to ‘slow’ to avoid disturbing 
the powder surface. After each measurement, the sample holder was emptied, washed with 
methanol and allowed to dry. At least three replicates were performed. Subsequent data 
analysis was carried out using Microsoft Excel.  
7.3 Results and Discussion 
7.3.1 Physical characteristics of mannitol prepared under different 
crystallisation conditions 
Each sample obtained after re-crystallisation was sieved, as described in section 7.2.1.1, and 
a common 75-125 µm sieve fraction was selected, based on the material availability, to 
ensure particles with comparable particle size are tested. The shape of the particles for each 
sample was described by the aspect ratio, calculated as a ratio of the shorter dimension to the 
longer dimension of the rectangular projected area, which is typically applied to characterise 
needle-shaped particles [29]. The values obtained are provided in Table 7.1, together with 
BET specific areas measured. Two repeats were performed due to a large sample required for 
the measurement. However, a minimum of 300 000 particles were measured during a single 
measurement. The sample notation is based on the conditions employed during the 
crystallisation process, with a number indicating the concentration of the mannitol solution, 
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whereas CRM and AR denoting crystallised and as received samples, respectively.  The 
aspect ratio data are further presented in Figure 7.1 whereas SEM images of the mannitol 
sieve fractions are shown in Figure 7.2.  
Sample 
Aspect Ratio – cumulative undersize  
BET (m2/g) 10% 25% 50% 75% 90% 
CRM-20% 0.20 0.25 0.35 0.49 0.63 0.2113 ± 0.0011 
CRM-30% 0.23 0.31 0.42 0.55 0.67 0.2531 ± 0.0018 
CRM-40% 0.22 0.28 0.38 0.52 0.64 0.2266 ± 0.0020 
CRM-50% 0.20 0.25 0.33 0.44 0.58 0.2958 ± 0.0013 
AR 0.58 0.66 0.74 0.82 0.89 0.9273 ± 0.0021 
Table 7.1 Cumulative percentiles of aspect ratio values and BET surface area of mannitol 
samples (n=2, mean ± S.D.) 
 
Figure 7.1 Cumulative percentiles of aspect ratio values for crystallised mannitol samples 
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Figure 7.2 SEM images of the 75-125 µm sieve fractions of A: CRM-20%, B: CRM-30%, C: 
CRM-40%, D: CRM-50% and E: AR mannitol.   
SEM images in Figure 7.2 confirm that re-crystallisation of mannitol from water produced 
needle-shaped particles. Varying the solution supersaturation resulted in differences in the 
needles characteristics. SEM images imply that the crystals formed under higher 
supersaturation are shorter and wider (Figure 7.2 D) compared to the longer and thinner 
needles crystallised under lower supersaturation (Figure 7.2 A). However, it is difficult to 
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distinguish the samples explicitly, as in the case of the crystals obtained by Kaialy et al. 
(2012), who reported the crystallisation method [34] adopted here. This may be due to the 
modifications made, such as agitating the solutions and washing with methanol. The latter 
resulted in the formation of large quantities of fine particles for the CRM-50% (Figure 7.2 
D), as the residence time of the methanol within the bulk could possibly be longest for this 
sample, due to high amount of the solid formed.  
The aspect ratio results (Table 7.1) do not provide clear information on the particles 
morphology either. Overall, the aspect ratio data indicate that higher supersaturation produces 
more elongated particles, as lower value of the aspect ratio is recorded (Figure 7.1). The 
CRM-20% however, does not follow this trend. From SEM images, it is evident that rather 
broad distribution of the particles is obtained for each sample, with CRM-50% having 
considerably more fine particles than the other samples. With DIA being a number-based 
method, the true result is number-weighted [29] and may be significantly impacted by a large 
proportion of small particles in the sample. In addition, with sieving classifying particles 
according to the shortest dimensions, it is possible that broad distribution in particles lengths 
was obtained affecting the results.  
The XRD of all the samples was performed (Figure 7.3) to confirm that β polymorph was 
obtained for all the samples during the re-crystallisation process. The SEM images suggest 
that needle-shaped particles display a different polymorph than the starting material. The 
reference XRD pattern of β mannitol (Figure 7.4) was obtained from the crystal structures 
Cambridge Structural Database deposited as ‘DMANTL11’.   
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Figure 7.3 X-ray diffractogram of the re-crystallised mannitol samples   
 
Figure 7.4 X-ray diffractogram of the re-crystallised mannitol and reference beta mannitol 
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The powder patterns obtained for the four re-crystallised samples are similar and correlate 
well with the pattern for β polymorph. Therefore, further characterisation is carried out for 
the re-crystallised samples only, as only these samples can be compared directly.  
The total surface energy of the mannitol samples, γSVT, was obtained by calculating the 
dispersive and acid-base surface energy components. The dispersive surface energy, γSVd, 
was calculated using the Schultz method, in which, for the series of n-alkane probes, 𝑅𝑇𝑙𝑛𝑉!! 
is plotted versus 𝑁!𝑎!(𝛾!!)!/! (Equation 4.8) and the value of γSVd is provided from the slope 
of a linear regression line [188]. The acid-base surface energy, γSVAB , was calculated based 
on the Schultz method and Della Volpe scale [189]. The dispersive energy component 
profiles are provided in Figure 7.5. 
 
Figure 7.5 Dispersive surface energy profiles of the re-crystallised mannitol samples   
The surface energy results obtained (Figure 7.5) indicate that the materials display energetic 
heterogeneity, as previously observed by Ho et al. (2012) [29]. Furthermore, the differences 
in the dispersive surface energy are evident between the samples re-crystallised under various 
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conditions. In general, higher dispersive energy is obtained for the samples prepared under 
the higher supersaturation conditions. This means that the particles crystallised under higher 
supersaturation are more hydrophobic compared to those prepared under lower 
supersaturation. The relationship between the surface energy and crystal morphology for 
mannitol has been previously investigated by Ho et al. (2010 and 2012), who showed that 
each facet is characterised by different surface energy due to the chemical groups exposed. 
Therefore, the surface energy of a crystal may be indicative of the relative size and hence 
contribution of each crystal facet to the overall crystal characteristics [23, 29]. Based on the 
surface energy analysis performed for the dominant facets of needle-shaped mannitol [23], 
increased hydrophobic character of the particles prepared under the higher supersaturation 
would suggest that these particles are characterised by more elongated morphology and hence 
possess smaller contribution from the (011) hydrophilic facet. Equally, lower dispersive 
energy obtained for the particles prepared under the lower supersaturation conditions indicate 
their more hydrophilic character, potentially due to shorter particle morphology and hence 
greater contribution of the (011) facet. 
These observations correlate well with the aspect ratio trends discussed earlier. However, the 
CRM-30% is an exception here as it exhibits much higher surface energy than the other 
samples, which cannot be explained based on the crystal morphology. However, there are a 
large number of factors which could affect the value of surface energy, including potential 
surface contamination or crystal imperfections [29], and as only a single batch was prepared, 
such variations cannot be excluded. 
The electrostatic properties of the mannitol crystals were determined using the corona 
discharge method. The maximum potential acquired by the samples and the corresponding 
charge decay data are provided in Table 7.2 and the charge decay curves are further 
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illustrated in Figure 7.6. Here, the potential is not normalised with respect to the sample 
mass, as the measurements were performed using the same sample mass for all the samples. 
Sample Vmax (V) t10% (min) 
CRM-20% -960.1 ± 42.6 12.42 ± 0.03 
CRM-30% -987.8 ± 2.7 8.17 ± 0.02 
CRM-40% -1073.5 ± 6.8 23.15 ± 0.05 
CRM-50% -1220.7 ± 13.0 50.32 ± 0.47 
Table 7.2 Electrostatic characteristics of the mannitol samples (25 °C, 45% RH, n=3, mean ± 
S.D.) 
 
Figure 7.6 Charge relaxation curves of the mannitol samples (25 °C, 45% RH, n=3, mean ± 
S.D.)  
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As a result of the corona discharge, all the mannitol samples acquired quite significant 
negative potential (Table 7.2), with distinct magnitudes observed for different samples. The 
CRM-50% sample acquired the largest negative potential of -1220.7 ± 13.0 V out of all the 
samples, followed by the CRM-40% with the potential of -1073.5 ± 6.8 V. The remaining 
two samples, the CRM-30% and CRM-20% accumulated smaller values of -987.8 ± 2.7 V 
and -960.1 ± 42.6 V, respectively. The CRM-20% showed slightly larger error compared to 
the other samples, indicating that the batch produced may be less homogeneous than the 
batched for all other three samples. 
Furthermore, more pronounced differences between the samples were observed in the charge 
decay characteristics (Figure 7.6). The CRM-50% mannitol showed substantially slower 
charge decay kinetics compared to all the other samples, with t10% of 50.32 ± 0.47 min. 
Together with the high initial potential recorded and the results discussed in Chapter 6, this 
could indicate that the sample possesses more hydrophobic character than other mannitol 
crystals. This is in good agreement with the surface energy results. Similarly, the CRM-40% 
showed an intermediate charge decay rate and this correlates well with reduced hydrophobic 
character suggested based on the surface energy results. The same correlation between the 
charge magnitude and dispersive surface energy component has been observed for modified 
acetaminophen by Jallo el al. (2015) [198]. This trend seems to be valid for the CRM-20% 
mannitol as well, however, as previously seen, the CRM-30% exhibits slightly different 
behaviour, which cannot be explained based on the surface energy and particle morphology 
results.  
Nevertheless, the correlations obtained here indicate that crystal shape parameters, and hence 
most likely surface chemistry, may influence the particle charging and charge decay 
properties. This may be valid for situations where charge is generated via contact with 
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surfaces and when friction is involved. This could be especially true for elongated and plate-
like particles, where preferential orientation of a particle might be adopted due to large facets 
being involved. 
7.4 Conclusion  
In this chapter, the impact of the crystal habit on the particles chargeability has been 
investigated using mannitol as a model material. Four mannitol samples of the same 
polymorphic form were prepared via re-crystallisation from water solutions with varied 
supersaturation level. Subsequent sieving ensured that samples with a similar particle size 
were used for further tests.  
The electrostatic characterisation was performed using a JCI Charge Decay Time Analyser to 
limit a number of factors affecting the charging and to allow the study of the effect of the 
crystal habit only. The re-crystallisation method adopted led to the formation of particles with 
needle shape morphology, however exhibiting different particle aspect ratios. This had a 
direct implication on the particle surface properties such as surface energy. Previously 
variations in the surface energy of needle-shaped mannitol have been linked to the surface 
chemical heterogeneity and hence this implies that the crystals obtained here also possess 
different hydrophobic character due to the chemical groups exposed on the surface.   
The results obtained showed that the particles with more elongated morphology acquired 
larger maximum charge and exhibited slower charge decay rates, which may be attributed to 
the larger contribution of more hydrophobic facets to the overall character of the particles. 
This has been confirmed by the surface energy measurements. Similarly, shorter particles 
with more hydrophilic character accumulated smaller charge and displayed faster charge 
decay rates. The variations in the crystal habits were overall quite subtle, however they still 
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led to significant variations in the electrostatic properties. This also means that potentially 
small crystal imperfections, difficult to detect or quantify, may have a profound effect on the 
electrostatic performance, as it was observed for one of the samples. The ability to correlate 
the crystal habit characteristics with its subsequent electrostatic performance could be 
important in understanding the electrostatic phenomena during powder conveying or to 
rational changes in the electrostatic behaviour of the particles post-milling, which could lead 
to creating new surfaces as a result of particle fracture. 
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Chapter 8 Influence of the Amorphous State and Polymorphic 
Forms on Electrostatic Properties of Lactose 
8.1 Introduction 
Lactose is one of the most widely employed excipients used in pharmaceutical formulations 
as a filler and binder in tableting, a sweetener and a carrier in inhalation formulations [163]. 
As such, it tends to be subjected to a variety of processes, which can modify physical 
properties and may also lead to charge accumulation through continuous interactions with 
surfaces and other formulation components [9]. Even the simple process of pouring powder 
over a surface has been observed to induce a charge, with a number of mechanical factors 
affecting the extent of charging [219]. However, Murtomaa et al. (2004) also observed that 
even under the same tribocharging conditions lactose particles may show variable 
electrostatic behaviour depending on the particle morphology and amorphous content [72]. 
As outlined previously in Section 4.4, lactose can exist in different polymorphic forms, in a 
hydrated and anhydrous state, as well as can undergo partial or complete amorphisation 
during processing. From a material point of view, these characteristics may alter the material 
properties and hence behaviour, even though the same chemical compound is being studied. 
Differences in the internal crystal structure and the presence of hydrates or solvates can lead 
to different densities, hardness, melting points, solubility and therefore affect the 
performance of powder during tableting or impact its absorption and activity through the 
dissolution rate [14]. Even though an extensive characterisation of powder properties is 
usually performed during the development stage, to the best of author’s knowledge, no direct 
link between different lactose state and the electrostatic properties has been established. The 
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challenge of such studies stems from the fact that often experimental or material preparation 
limitations make direct conclusions difficult.  
Lactose, as a material, has been characterised together with other pharmaceutical compounds 
on a number of occasions [72, 109, 123, 124, 128, 135, 149, 205, 220-222] and the findings 
published provide insight into its electrostatic behaviour. For example, Rowley et al. (2001) 
showed that lactose monohydrate tends to accumulate negative charge after contact with 
stainless steel, but positive charge when a PVC (polyvinylchloride) or polypropylene surface 
is involved [220]. In the same study, four sieve fractions of lactose monohydrate were used 
and the results showed that the specific charge acquired was inversely related to the particle 
size. During the experiments, minimal powder adhesion to the surface was observed and 
lactose charging was attributed to contact with the surface only [220]. The same trend 
between the charge and particle size of lactose monohydrate was reported by Kwek et al. 
(2012), where multiple interactions with an acetal surface were characterised [135]. 
However, the opposite trend has been reported when mixtures of coarse and fine lactose were 
investigated and a reduction in the magnitude of the charge developed was observed, 
presumably due to the adhesion of fine particles to the tribocharging surface [201, 220, 223]. 
Moreover, it was speculated by Telko et al. (2007) that a choice of lactose grade could have a 
strong effect on both the magnitude and polarity of the charge acquired by DPI formulations 
[132]. 
The limitation of the results discussed above is the fact that different experimental methods 
are often employed, making a direct comparison between individual results difficult, although 
might reflect ‘real life’ situations. On the other hand, they illustrate that the observed trends 
are unique, independent of the technique used. Recently however, a more systematic 
approach to study the electrostatic properties of lactose has been observed, where lactose 
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specifically is the main material of interest and a number of lactose samples are compared, 
rather than comparing it with different pharmaceutical compounds.  
In a study conducted by Murtomaa et al. (2004), the effect of lactose particle morphology of 
lactose on the charge generated upon aerosolisation was studied. As the particles were 
prepared through spray drying of lactose from different solvents, various particle shapes were 
obtained. The authors observed that the charge magnitude varied depending on the sample, 
however, the effect was coupled with varying amorphous content generated upon the samples 
preparation method. However, the more homogenous samples gave the most reproducible 
results indicating that different particle morphologies lead to different charging behaviour 
[72]. In the case of tribocharging, where the interaction of particles with the surface is 
important, particle flow characteristics may greatly affect the charge developed. It has been 
shown by Fu et al. (2012) that both particle size and shape affect the flow performance of 
three commercially available lactose samples, with the more spherical particles showing 
better flow properties due to reduced particle interlocking and smaller particles showing poor 
flow properties due to increased cohesiveness [25].  
The influence of amorphous content on the electrostatic properties of lactose was further 
investigated by Murtomaa et al. (2002), who compared the charge acquired by spray dried 
lactose as a function of amorphous content which varied between 0.1 and 0.8%. When sliding 
the samples over a polypropylene pipe, a positive charge was recorded, the magnitude of 
which increased as the amorphous content increased. The samples exhibited very similar 
particle surface properties and hence the effect of particle morphology was eliminated. 
However, problems with reproducibility were reported, possibly due to sample re-
crystallisation [204]. The same relationship between the electrostatic properties and 
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amorphous content has been observed for other materials, such as salbutamol sulphate and 
salmeterol xinafoate [10].  
Even though hydrophobicity and water content are known to impact electrostatic charging, 
direct correlation between the two has yet to be established for materials existing as hydrates 
or solvates. Therefore the main aim of this study is to investigate the electrostatic properties 
of different forms of lactose. The main objective is to use a systematic approach, where 
particle size and shape are kept as uniform across the samples studied as possible, whereas 
the charge is induced via corona charging to minimise the effect of particle flow problems or 
preferential particle sliding orientation. In addition, all the samples are prepared from the 
same starting material, and the use of any solvents or other reagents is kept to minimum to 
avoid particle contamination.    
8.2 Materials and Methods 
8.2.1 Materials 
α-Lactose monohydrate crystals were used as a starting material to generate different forms 
of lactose. The starting and final materials were characterised as outlined in Section 8.2.2 and 
the results are discussed in Section 8.3. 
8.2.1.1 Crystalline α-lactose monohydrate 
Lactose crystals were sieved using a base pan and 32, 75, 125, 180, 250 and 355 µm stainless 
steel sieves and a laboratory sieve shaker (Endecotts Ltd, London, England). Each fraction 
was collected and stored sealed at room conditions.  
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8.2.1.2 Spray drying of lactose 
Lactose was dissolved in DI water to yield a 10% (w/v) solution. The solution was spray 
dried using a laboratory scale spray drier (Spray Drier, ProCepT, Zelzate, Belgium) equipped 
with a 0.4 mm diameter atomising nozzle. A standard method with an air flow of 5 L/min 
was employed. The feed solution was pumped using a peristaltic feed pump at a flow rate of 
10 mL/min. The inlet temperature was 180 °C and the outlet temperature was 80 °C. The 
spray dried material was collected and dried further in the vacuum oven at 60 °C and 800 
mbars for at least 4 h, then sealed and stored over silica gel to avoid re-crystallisation. A 
single large batch of lactose was prepared. 
8.2.1.3 Preparation of partially amorphous samples 
Partially amorphous samples were obtained by preparing physical mixtures of the crystalline 
lactose 32-75 µm sieve fraction and spray-dried lactose. The materials were weighed into 
blending vessels to achieve the following ratios of the amorphous to crystalline lactose: 15:85 
(w/w), 30:70 (w/w), 50:50 (w/w) and 75:25 (w/w). The samples were subjected to blending 
using a type T2F Turbula mixer (Willy A. Bachofen, Basel, Switzerland) at 46 rpm for 5 min. 
8.2.1.4 Dehydration of Lactose Monohydrate 
The 32-75 µm sieve fraction of lactose monohydrate (Section 8.2.1.1) was dehydrated by 
exposing it to an elevated temperature, as described by Figure et al. (1995) [45]. The powder 
was spread evenly in a petri dish and heated to 120 °C for 5.5 hrs. Once the time elapsed, the 
sample was sealed and stored under nitrogen for further characterisation.   
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8.2.2 Methods 
8.2.2.1 Particle Sizing 
Particle size distributions of crystalline lactose sieve fractions and spray-dried lactose were 
determined using a Sympatec 3146 HELOS laser diffraction system with RODOS OASIS/L 
dispenser and the ASPIROS feeder attachment (Sympatec GmbH, Clausthal-Zellerfeld, 
Germany) using a dry dispersion method. For each sample, 200 mg of material was dispersed 
at a pressure of 1.0 bar.  
8.2.2.2 SEM Images 
SEM images of the samples were performed using a Carl Zeiss SUPRA 40VP FESEM (Carl 
Zeiss AG, Oberkochen, Germany). Small amount of sample was mounted on sticky carbon 
tape and coated with platinum prior the analysis. An acceleration voltage of 3 kV was used 
during the imaging.  
8.2.2.3 Surface Area Analysis 
The Brunauer-Emmett-Teller (BET) surface area for the samples was determined from 
nitrogen adsorption using a TriStar II 3020 v.2.00 surface area analyser (Micromeritics, 
Norcross, GA, US). Approximately 1.5 g of material was purged overnight with helium at 40 
°C prior to measurement. 
8.2.2.4 Powder X-ray Diffraction 
X-ray powder diffraction was performed on the samples using a Bruker D4 Endeavor X-ray 
diffractometer (Bruker, Karlsruhe, Germany) with Cu Kα radiation. All scans were obtained 
over a range of 2-55° 2theta, at a 0.0092° step size and 0.3 s/step. Patterns were analysed 
using Bruker AXS EVA Diffrac 4.1.1 software. 
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8.2.2.5 Dynamic Vapour Sorption 
Dynamic Vapour Sorption measurements were performed on crystalline, spray-dried and 
dehydrated lactose using a DVS-1000 (Surface Measurement Systems Ltd, London, UK). 
Between 30-60 mg of sample was placed in a sample pan and the mass change was recorded 
as the humidity was cycled from 0-90% RH in 10% RH steps at 25 °C. The equilibrium mass 
change of ≤0.0005% was achieved for ten minutes before the humidity was set to the next 
level. Two complete consecutive cycles were performed.  
8.2.2.6 Karl Fischer Titration 
Water content of the selected samples was determined using a 756 KF Coulometer equipped 
with a 728 Magnetic Stirrer (Metrohm AG, Herisau, Switzerland). For each measurement, the 
amount of sample used was between 50-100 mg, depending on the estimated expected water 
content.  
8.2.2.7 Thermal Analysis – DSC/ TGA 
Thermal analysis was carried out on lactose monohydrate and dehydrated lactose. 
Differential scanning calorimetry (DSC) was performed using DSC Q1000 V9.9 instrument 
(TA Instruments, New Castle, DE). The sample (2-3 mg) was placed in a standard aluminium 
pan and heated over a temperature range of 10 °C to 250 °C, with a heating rate of 10 
°C/min. Nitrogen purge gas with a flow rate of 50 mL/min was provided. Thermal 
gravimetric analysis (TGA) was performed using Discovery TGA (TA Instruments, New 
Castle, Deleware, USA). The sample (10-15 mg) was placed in a platinum pan and the 
change in mass was recorded as the temperature was ramped from 30 °C to 300 °C with a 10 
°C/min ramp rate.  
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8.2.2.8 Electrostatic characterisation 
The electrostatic properties of lactose samples were determined using a Charge Decay Time 
Analyser (CDTA) (JCI155 v6, Chilworth Technology Ltd, Southampton, UK). The samples 
were pre-conditioned in a humidity cabinet (Safetech Climatezone, Hampshire, UK) at 25 °C 
and 25% RH for a minimum of 8 hrs prior the measurements. The powder was placed in the 
sample holder, weighed and the surface of the powder bed was smoothed using a metal 
scraper to produce a uniform, flat surface. The sample was placed inside the instrument and a 
corona discharge of -8.0 kV was applied to the surface for 0.02 s. Data recording commenced 
at 0.07 s after corona discharge, as recommended by the manufacturer. Prior to the test, the 
surface voltage was ≤ ±5 V. The plate speed was set to ‘slow’ to avoid disturbing the powder 
surface. After each measurement, the sample holder was emptied, washed with methanol and 
allowed to dry. At least three replicates were performed. Subsequent data analysis was 
carried out using Microsoft Excel.  
8.3 Results and Discussion  
8.3.1 Pure Crystalline and Amorphous Lactose 
8.3.1.1 Samples Characterisation 
Crystalline lactose monohydrate was sieved and the particle size distribution (PSD) of each 
sieve fraction was determined. The PSD of the spray dried lactose was also determined. The 
average values (for n=2) of the 10% undersize (d10), 50% undersize (d50), 90% undersize 
(d90) as well as the volume mean diameter (D 4,3) were recorded and are presented in Table 
8.1. Considering only two repeats for PSD were performed, the values obtained provide a 
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reasonable description of the size distributions for each sieve fraction and provide an 
indication of the particle size for the spray dried sample.     
Sample d10 (µm) d50 (µm) d90 (µm) D (4,3) (µm) 
Spray dried 3.86 ± 0.04 10.81 ± 0.09 24.88 ± 0.16 12.94 ± 0.10 
Crystalline <32 6.98 ± 0.16 23.07 ± 0.14 40.68 ± 0.16 23.80 ± 0.14 
Crystalline 32-75 25.77 ± 0.11 59.40 ± 0.04 99.58 ± 0.01 61.49 ± 0.21 
Crystalline 75-125 74.26 ± 0.60 122.24 ± 0.85 183.8 ± 0.59 124.66 ± 0.59 
Crystalline 125-180 109.86 ± 4.72 170.75 ± 1.48 245.33 ± 0.77 172.25± 2.96 
Crystalline 180-250 155.02 ± 0.43 231.52 ± 0.53 333.98 ± 0.18 235.53 ± 0.30 
Table 8.1 Particle size values for the crystalline and spray dried lactose (n=2; mean ± S.D) 
For the two largest fractions of crystalline lactose, a small amount of fines were recorded. 
The spray dried sample showed a very narrow size distribution, due to the process used for 
the sample preparation. In addition, the particle size data indicates that the material prepared 
had smaller particles compared to even the smallest sieve fraction recorded for the crystalline 
lactose.  
BET specific surface areas of 0.7370 ± 0.0038 m2/g and 0.1884 ± 0.0019 m2/g were 
determined for the amorphous and the 32-75 µm sieve fraction of crystalline lactose, 
respectively. This significant increase in surface area correlates well with the smaller particle 
size observed for the amorphous lactose.    
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The amorphous nature of the spray dried lactose was confirmed using XRD. A typical 
continuous response with no diffraction peaks was obtained, indicating the non-crystalline 
nature of the material. The pattern is shown in Figure 8.1, together with the XRD of 
crystalline lactose overlayed for comparison. The software was used to estimate the overall 
crystallinity of the samples, and values of 0.7 % and 99.6 % were determined for the spray 
dried and crystalline samples, respectively, therefore the samples were treated as purely 
amorphous and crystalline.  
 
Figure 8.1 X-ray diffractogram of the crystalline and spray dried lactose 
The amorphous nature of the spray dried sample is also clearly visible when a significant 
moisture uptake is recorded during the dynamic vapour sorption measurement, as shown in 
Figure 8.2. Typical moisture sorption behaviour of a crystalline lactose monohydrate is 
shown in Figure 8.3 for comparison. 
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Figure 8.2 DVS moisture sorption plot of the amorphous lactose 
 
Figure 8.3 DVS moisture sorption plot of the crystalline lactose monohydrate 
 168 
Unlike crystalline materials, amorphous regions are capable of accumulating large quantities 
of water due to increased void spaces and surface area. Therefore when exposed to increasing 
humidity, a significant increase in weight is observed. Here, a change in mass of 11.09% is 
observed. Absorbed water has a plasticising effect on the material and causes an increase of 
molecular mobility, promoting rearrangement and consequently a rapid crystallisation 
process. Upon crystallisation, excess water is expelled from the material and dramatic mass 
loss is observed [57, 224]. Permanent transformation of the amorphous state into the 
crystalline state is confirmed by substantially lower water uptake during the second water 
sorption cycle (Figure 8.2), which is characteristic for the crystalline state (Figure 8.3).  
In addition, water retention takes place upon crystallisation, which is evident from the 
difference in mass between the end of the first drying step and the mass at the end of the 
second cycle. This is due to the formation of a hydrate, i.e. α lactose monohydrate. The 
amount of water retained is however, lower than the stoichiometric 5% content characteristic 
of lactose monohydrate. This observation was previously reported and is expected to be due 
to the formation of different polymorphic states upon crystallisation, including anhydrous 
lactose [56, 183].  
Therefore, the two forms studied here, differ not only from a structural point of view, but also 
show significantly different water contents. Karl Fischer titration was used to determine 
water content of the samples equilibrated under the conditions of interest (25 °C, 25% RH). 
For the amorphous lactose, a water content of 2.29 ± 0.11 % was detected and this is 
expected to be due to the surface moisture adsorption at 25% RH, whereas 5.10 ± 0.09 % was 
obtained for the lactose monohydrate and this is expected to be mainly due to internally 
bound water in the form of a hydrate.  
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8.3.1.2 Electrostatic Characterisation 
The electrostatic characterisation of the above samples was performed and the results were 
analysed in terms of the specific maximum potential acquired (Vmax/m), where the potential is 
normalised with respect to the sample mass used. Due to different sample densities, 
significant differences in the mass loaded in the sample holder were observed and these have 
to be taken into account. The results obtained are presented as a function of particle size in 
Figure 8.4. 
 
Figure 8.4 Specific maximum potential acquired by the lactose samples (25 °C, 25% RH, 
n=3, mean ± S.D.) 
As a result of the corona discharge, all the samples showed a reasonably strong signal due to 
the negative charge acquired with good reproducibility. For crystalline lactose monohydrate, 
an increase in the overall charge acquired is observed as the particle size decreases – this is in 
agreement with trends observed previously [135, 220]. In the case of the amorphous lactose, 
a potential value of -680.82 ± 12.26 V/g is observed, which is nearly twice as much as the 
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value of -337.64 ± 5.56 V/g – the charge obtained for the 32-75 µm sieve fraction of the 
crystalline lactose. This may be due to the smaller PSD of the amorphous lactose.  
 
Figure 8.5 Charge relaxation curves of the lactose samples (25 °C, 25% RH, n=3, mean ± 
S.D.) 
However, in addition to the maximum potential acquired by the powders, relaxation curves 
were recorded to obtain information on how quickly the charge decays away from the surface 
(Figure 8.5). The results indicate that the two forms of lactose show very different charge 
relaxation characteristics, and this property has not been reported previously. The charge 
dissipation for all the crystalline samples is quite rapid, with t10% between 6.99 and 11.91 min 
observed. In contrast, the amorphous lactose shows significantly slower charge dissipation 
with a t10% value of 104.03 ± 1.82 min. This discrepancy cannot be explained on the basis of 
the small particle size of this sample, and therefore has to be a result of the amorphous nature 
of the powder. Hence, it is very likely that an increase in the maximum charge accumulated 
compared to the crystalline lactose described above is also due to the amorphous state, rather 
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than is an effect of particle size. However, as discussed in Section 8.3.1.1, the crystalline 
form possesses a much higher water content compared to the amorphous lactose, which could 
potentially affect the magnitude of charge accumulated and promote faster charge dissipation. 
The effect of water content on the electrostatic properties is further discussed in Section 
8.3.3. 
The same set of measurements was performed using a positive corona discharge to deposit a 
positive charge on the surface. Overall, the results obtained are very similar to those obtained 
using a negative corona discharge, and hence are provided in Appendix A.  
8.3.2 Partially Amorphous Samples 
8.3.2.1 Samples Characterisation 
Samples with an intermediate amorphous content were obtained by preparing physical 
mixtures of the pure crystalline lactose 32-75 µm sieve fraction and the amorphous lactose, in 
order to study the samples with known amorphous content. The crystalline lactose sieve 
fraction was selected based on its similar particle size and availability of the material. SEM 
images of the blends prepared are shown in Figure 8.6. 
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Figure 8.6 SEM images of A: amorphous lactose, B: crystalline lactose (32-75 µm), C: 15% 
amorphous lactose, D: 30% amorphous lactose, E: 50% amorphous lactose and F: 75% 
amorphous lactose 
The images of the amorphous and crystalline lactose confirm typical spherical and tomahawk 
particle morphologies, respectively. The pure crystalline sample taken from the 32-75 µm 
sieve fraction, shows a small amount of fines present. For the intermediate amorphous 
content samples, prepared through blending of the pure components, no surface coating is 
observed and the samples can be described as physical two component mixtures.  A few 
agglomerates of amorphous lactose are observed for the 15% and 30% amorphous lactose 
samples (Figure 8.6 C and D).  
The amorphous degree of the prepared samples was determined using XRD (Figure 8.7) to 
ensure no sudden re-crystallisation occurred. The software was used to calculate the 
amorphous degree and the values obtained showed slight deviations from the amorphous 
content expected from the samples preparation. As XRD is known to have a limit of detection 
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of approximately 5-10% [55, 178], the values calculated through the software are assumed to 
be in a good agreement with the target amorphous content.  
 
Figure 8.7 X-ray diffractograms of the partially amorphous lactose samples 
For all the samples, the BET specific surface area was also determined and the values 
obtained are shown in Table 8.2.  
Sample BET Surface Area (m2/g) 
15% amorphous 0.2266 ± 0.0029 
30% amorphous 0.3084 ± 0.0033 
50% amorphous 0.4181 ± 0.0039 
75% amorphous 0.4559 ± 0.0022 
Table 8.2 BET surface area of the partially amorphous samples 
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8.3.2.2 Electrostatic Characterisation 
The specific maximum surface potential (Vmax/m) due to the charge acquired as a result of the 
corona discharge was obtained for each sample, as well as the charge decay performance, as 
determined from the t10% values (time required for the potential to fall down to 10% of its 
initial value). The data are reported in Table 8.3.  
Sample Vmax/m (V/g) t10% (min) 
15% amorphous -453.14 ± 3.99 15.64 ± 0.65 
30% amorphous -507.48 ± 9.59 34.51 ± 2.10 
50% amorphous -524.42 ± 4.43 40.56 ± 0.34 
75% amorphous -576.44 ± 3.63 75.81 ± 0.86 
Table 8.3 Electrostatic characteristics of the partially amorphous samples (25 °C, 25% RH, 
n=3, mean ± S.D.) 
The results obtained for the partially amorphous samples (prepared as physical mixtures) 
indicate that the overall charge accumulated increases as the amorphous content increases. In 
addition, the time taken for the charge to decay to 10% of the initial value becomes 
progressively longer.  
When the results obtained for the pure crystalline and amorphous lactose (Section 8.3.1.2) are 
included, a linear relationship between the specific maximum potential and the amorphous 
content is obtained (Figure 8.8), with R2 value of 0.91899. A similar observation has been 
previously made by Murtomaa et al. (2002), who compared electrostatic behaviour of lactose 
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samples with different amorphous content induced by spray drying conditions. The samples 
with the highest amorphous content showed substantially larger charge compared to a pure 
crystalline sample, even though no clear linear response between the two was reported. 
However, it was noted that the range of amorphous content investigated by Murtomaa et al. 
(2002) was quite low (from 0 to 0.8%) and the reproducibility of tribocharging was quite 
poor making it difficult to draw direct conclusions [204]. 
 
Figure 8.8 Specific maximum potential acquired by lactose as a function of amorphous 
content (25 °C, 25% RH, n=3, mean ± S.D.) 
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Figure 8.9 t10% values for lactose as a function of amorphous content (25 °C, 25% RH, n=3, 
mean ± S.D.) 
As indicated previously, charge decay curves may provide a better way of distinguishing 
between the electrostatic properties of the two forms of lactose. The charge relaxation plots 
obtained for the partially amorphous physical mixtures confirm that the samples are 
characterised by moderately fast charge relaxation with t10% values proportional to the 
amorphous content (Figure 8.9). In this case, a linear correlation with R2 value of 0.97085 is 
obtained. Out of all the samples analysed, the 50% amorphous sample shows greater 
deviation from the linear trend than the other five samples. From a characterisation point of 
view, this sample does not show any properties that could explain the observed deviations.  
When the electrostatic performance is described with respect to the charge relaxation time, 
the amorphous content may be alternatively expressed based on the charge remaining on the 
sample after a specific time has elapsed. Figure 8.10 presents a linear correlation between the 
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residual charge present on the sample after 1000 s of discharge process as a function of the 
amorphous content. Similarly, a linear correlation (R2 = 0.98725) is obtained. 
 
Figure 8.10 Residual charge present of the samples after 1000 s of charge relaxation as a 
function of amorphous content (25 °C, 25% RH, n=3, mean ± S.D.) 
Overall, the results obtained in this study indicate that there is a strong correlation between 
the amorphous content and the electrostatic properties of lactose. This correlation is observed 
for the physical mixtures where no surface coating occurs. As chargeability is expected to be 
predominantly a surface property, the localisation of the amorphous phase could affect the 
results. For example, low quantities of amorphous phase present solely on a particle surface 
could potentially lead to higher charge accumulation than when the same degree of 
amorphous phase is located within the particle core or is evenly distributed throughout the 
particle.  
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In addition, the results obtained show very good reproducibility. The experimental error was 
reduced through well-controlled particle physical properties, as well as ensuring the humidity 
was kept at a low level to prevent amorphous samples from undergoing re-crystallisation. 
The electrostatic characterisation method adopted is also believed to substantially contribute 
towards the reduced variability of the results. 
8.3.3 Impact of water content on the electrostatic properties of lactose 
In order to improve understanding of the impact of the disordered amorphous phase on the 
chargeability of lactose, samples with similar water content have to be prepared and analysed. 
As noted previously, spray dried lactose is characterised by not only lack of long-range order, 
but also significantly lower water content compared to crystalline lactose monohydrate. 
Therefore, two intermediate samples have been prepared to establish which parameter - water 
content or structural order/ disorder - contribute more towards higher chargeability and 
slower charge relaxation profiles of the spray dried lactose.  
The main aim of this study was to prepare intermediate samples, i.e. crystalline anhydrous 
sample and amorphous samples with higher water content, with as little processing steps as 
possible to avoid the introduction of impurities, solvents and changes into the morphological 
properties of the particles. Therefore, dehydration of crystalline lactose monohydrate was 
facilitated through gentle heating (Section 8.2.1.4), whereas the spray dried lactose was 
exposed to 35% RH for 6 hrs to increase its water content without initiating its re-
crystallisation. The conditions were selected based on the crystallinity and moisture content 
of the samples exposed to 35% RH and 45% RH in DVS.   
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8.3.3.1 Samples Characterisation 
The dehydration of α-lactose monohydrate upon heating was confirmed by TGA and DSC 
measurements (Figure 8.11 and Figure 8.12, respectively). TGA of the initial material 
showed a weight loss of 4.940% over the temperature range of 103-171 °C indicating 
removal of water associated with its monohydrate form and a further mass reduction of 
0.822% between 171-218 °C. The same measurement carried out for the dehydrated material 
showed no weight loss associated with removal of a hydrate, and only a small weight loss of 
0.391% up to the temperature of 116 °C and a further 0.931% loss between 169-212 °C was 
observed. Similarly, DSC data for the dehydrated lactose show the absence of the 
endothermic peak around 140-150 °C which is characteristic for a hydrate form. These results 
for monohydrate and dehydrated lactose are in a very good agreement with the data presented 
in the literature on dehydrated lactose [42].  
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Figure 8.11 TGA of A: α-lactose monohydrate and B: dehydrated lactose 
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Figure 8.12 DSC of A: α-lactose monohydrate and B: dehydrated lactose 
In addition, the DSC curve for the dehydrated lactose shows a small exothermic peak around 
180 °C, which has been previously reported as a re-crystallisation of a hygroscopic α-lactose 
to the stable α-lactose form [45]. The form of lactose obtained upon dehydration is further 
confirmed based on the XRD patterns (Figure 8.13). The reference XRD patterns of pure 
hygroscopic α-lactose, stable α-lactose and β-lactose were obtained from crystal structures 
recorded in the Cambridge Structural Database, labelled as ‘EYOCUQ’, ‘EYOCUQ01’ and 
‘BLACTO’, respectively.   
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Figure 8.13 X-ray diffractograms of dehydrated lactose, hygroscopic α-lactose, stable α-
lactose and β-lactose 
The XRD pattern for the dehydrated lactose confirms that, upon heating, the α-lactose form is 
obtained and no transformation to β-lactose takes place. It is expected that a mixture of the 
stable and hygroscopic α form is obtained, as evident through XRD and a small re-
crystallisation peak on DSC (Figure 8.12 B).  
The XRD pattern for the amorphous lactose exposed to 35% RH conditions was also 
recorded and its amorphous character was confirmed, as shown in Figure 8.14.  
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Figure 8.14 X-ray diffractogram of the amorphous lactose exposed to 35% RH 
For both samples, water content was determined using Karl-Fischer titration. The dehydrated 
lactose shows a water content of 1.00 ± 0.04 % most likely due to surface adsorption only. 
The amorphous lactose exposed to 35% RH conditions possesses 4.51 ± 0.21 %, i.e. 
approximately 2 % more water compared to the initial amorphous lactose. Therefore, the 
sample will be referred to as high water content amorphous lactose to differentiate it from the 
initial amorphous lactose.  
In order to establish whether any morphological changes took place as a result of exposing 
lactose monohydrate to elevated temperatures, an SEM image was obtained (Figure 8.15). 
The overall morphology of the lactose particles was not affected, however a number of cracks 
on the crystal surface are visible which are expected to form as water leaves the crystal 
structure. This results in an increase of the total specific surface area from 0.1884 ± 0.0019 
m2/g to 1.6977 ± 0.0081 m2/g, however, the difference is expected to be predominantly due to 
the additional surface being exposed as cracks propagate within the crystal. 
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Figure 8.15 SEM image of dehydrated lactose 
8.3.3.2 Electrostatic Characterisation  
The electrostatic properties of the dehydrated lactose and the high water content amorphous 
lactose were tested and the values of Vmax/m and t10% are presented in Table 8.4.  
Sample Vmax/m (V/g) t10% (min) 
Dehydrated lactose -412.60 ± 1.66 42.75 ± 2.00 
High water content 
amorphous lactose -653.60 ± 9.79  67.85 ± 1.13 
Table 8.4 Electrostatic characteristics of dehydrated lactose and high water content lactose 
samples (25 °C, 25% RH, n=3 (2 for amorphous lactose), mean ± S.D.) 
When comparing the two materials, a substantial difference in the maximum potential 
accumulated as a result of the corona discharge is observed. Considering their overall water 
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content only, an inverse relationship is observed – the sample with 4.51% water content 
acquires a potential of -653.60 ± 9.79 V/g, i.e. 50% more than the potential acquired by the 
sample possessing 0.998% water only. This is an unusual observation, as water is believed to 
increase surface conductivity and prevent or minimise formation of electrostatic charge 
[124]. However, as indicated in Section 8.3.3.1, the two samples are also characterised by 
different molecular ordering. Therefore, in Figure 8.16 the maximum specific potentials 
acquired by all different pure forms of lactose studied are compared. 
 
Figure 8.16 Specific maximum potential Vmax/m acquired by the lactose samples (25 °C, 25% 
RH, n=3, mean ± S.D.) – water content of the samples indicated in brackets  
Within the four lactose samples studied, two samples are amorphous and the other two 
samples show crystalline structure. For the samples characterised by similar molecular 
ordering, two different levels of water content (values indicated as percentage in brackets, 
Figure 8.16), either in a form of water adsorbed on the surface or also bound water in a 
hydrate form, are observed. 
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Comparing the samples characterised by the same molecular ordering, for both amorphous 
and crystalline lactose, an increase in the charge accumulated by the sample with lower water 
content is observed. For the amorphous samples, as the water content decreases from 4.51% 
to 2.29%, the magnitude of potential acquired increases from -653.60 V/g to -680.82 V/g. 
Similarly, for the crystalline lactose, when the water content goes down from 5.10% to 
1.00%, an increase in charge magnitude is observed - from -337.64 V/g to -412.60 V/g. This 
is in agreement with the statement above, where the presence of water can potentially 
promote charge dissipation, and hence a smaller charge is detected on the surface.  
However, based on the results obtained for the two amorphous samples and dehydrated 
lactose, it is evident that molecular ordering could also affect the magnitude of charge 
accumulated, as larger charge is acquired by the amorphous samples, even though their water 
content is significantly higher. A similar observation can be made for the high water content 
amorphous sample, which acquires approximately twice the charge accumulated than that of 
the lactose monohydrate (-653.60 V/g versus -337.64 V/g), even though its water content is 
only greater by approximately 0.60%. Consequently, these results suggest that the presence 
of the amorphous phase as such leads to a larger magnitude of charge being generated on the 
surface of lactose, with water being a second parameter affecting the behaviour.  
The impact of the amorphous phase on the electrostatic properties of lactose is also evident in 
the charge relaxation profiles, as illustrated in Figure 8.17.  
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Figure 8.17 Charge relaxation curves of the lactose samples (25 °C, 25% RH, n=3, mean ± 
S.D.) 
For the predominantly amorphous lactose samples, a substantially slower charge decay 
process is observed when compared to the two crystalline samples. An increase in water 
content from 2.29% to 4.51% leads to a faster rate of charge decay, with a reduction in t10% 
from 104.03 min to 67.85 min.  
Similarly, for the crystalline lactose samples, the charge decay rate decreases, with the t10% 
value increasing from 10.09 min to 42.75 min, as the water content of the sample decreases 
from 5.10% to 1.00%.  
However, a pronounced difference is observed when the charge decay profiles for the 
dehydrated lactose and the two amorphous lactose samples are compared. Even though the 
latter are characterised by substantially higher water content, their charge decay is 
significantly slower than the decay rate observed for the dehydrated lactose. Similarly, 
although the water content of the crystalline lactose monohydrate and high water content 
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amorphous lactose samples is similar, the amorphous sample shows a considerably slower 
charge decay profile. The difference in charge relaxation times between the amorphous and 
crystalline phases has not been reported in the literature so far. It is speculated here that the 
molecular ordering of the crystalline phase could potentially promote faster charge migration 
and hence dissipation through the ordered arrangement of the crystal structure. The opposite 
effect could be then expected for the amorphous phase, where the lack of the long-range 
order could inhibit charge migration and result in slower charge relaxation phenomena.  
Furthermore, the difference in the charge relaxation behaviour of the amorphous and 
crystalline phases of lactose could potentially influence the magnitude of the maximum 
charge detected, as discussed earlier in this section. As the charge forms on the surface, two 
competing processes take place – charge generation and charge dissipation. If a material is 
characterised by a fast charge relaxation rate, then the charge generated starts to dissipate 
instantly and the initial charge detected can be low.  
8.4 Conclusion 
In this chapter, the importance of the amorphous phase on the chargeability of lactose has 
been assessed through an investigation of the electrostatic properties of four lactose systems 
and a number of partially amorphous physical blends. A comparison between crystalline 
lactose monohydrate and amorphous lactose revealed that the two materials exhibit very 
distinct electrostatic properties, namely the maximum charge acquired upon application of a 
corona discharge and the charge dissipation characteristics. These characteristics were found 
to directly translate into the behaviour of partially amorphous mixtures, prepared by mixing 
the pure components. A linear correlation between the specific charge acquired and the 
amorphous content was obtained, providing no particle surface coating was observed. In 
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addition, as the two materials displayed substantially different charge relaxation profiles, a 
linear correlation between the t10% values and the amorphous content was obtained. Based on 
these data, an alternative approach relying on the residual charge post-charging was 
suggested to provide an indication of the amorphous content as a linear correlation was 
achieved between these two parameters.  
Furthermore, in order to account for the differences exhibited by the amorphous lactose and 
crystalline lactose monohydrate, two samples with intermediate properties were prepared by 
varying the amount of water content and monitoring the crystalline/ amorphous phase. By 
performing measurements using a JCI Charge Decay Time Analyser highly reproducible 
charging of the powders was achieved, with direct comparison of samples subjected to the 
same magnitude of corona discharge applied. The results obtained indicate that the presence 
of the ordered, crystalline structure results in lower charge being accumulated by lactose, as 
well as promoting faster charge relaxation. Conversely, the lack of long range order for the 
amorphous phase seems to hinder charge dissipation and consequently leads to greater charge 
being generated on the lactose surface. The water content of lactose has been found to have a 
secondary effect on the electrostatic performance of the powder, with increased water content 
lowering the absolute charge acquired by the sample and facilitating faster charge migration. 
Therefore, when the electrostatic properties of the amorphous lactose and crystalline lactose 
monohydrate are considered, a synergistic effect of the structural order/ disorder and 
anhydrous/ hydrate form has to be taken into account to fully understand the powder 
behaviour.  
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Chapter 9 Electrostatic Properties of Binary Powder Systems 
9.1 Introduction 
Mixing is one of the most common unit operations employed during powder processing in a 
number of sectors, such as pharmaceuticals, food, pigments, where powders are formulated 
into various end products [225]. The successful performance of a mixing process is usually 
assessed based on the homogeneity of a final product and its propensity towards segregation 
upon mixture discharge from a mixer and its subsequent storage [226]. The operational 
parameters influencing mixing, including powder feed rate, mixing speed, time and fill 
volume, as well as the design characteristics of a blender type, such as size and mode of 
mixing, have been studied and reviewed extensively [227-230]. However, process 
optimisation is still difficult due to lack of predictive tools allowing robust characterisation of 
mixing and flow properties [225].  
Equally, it has been shown that mixing is strongly affected by the physical properties of the 
mixture components, such as particle size, shape and density [231] and hence their cohesion 
and flow properties [25, 26, 232, 233]. In such systems, where multiple particle-particle and 
particle-wall collisions take place, the powders can undergo the process of triboelectrification 
and hence develop charge both on the particle surfaces and the blending vessel walls. 
Consequently, the electrostatic charge retained by a powder can potentially influence the 
blending homogeneity, promoting agglomeration or segregation of the mixture components 
[7, 149]. In some cases, improved mixture homogeneity and stability through controlled 
electrostatics has been suggested [125].  
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Considering the challenges associated with the prediction and quantification of charging 
properties for pure pharmaceutical powders [9, 10], a more complicated picture emerges 
when systems of more than one component are considered. This includes the majority of 
solid pharmaceutical formulations, where the API is mixed with a number of excipients to 
achieve not only appropriate drug content but also specific formulation properties [12, 234]. 
However, binary systems may also include mixtures where a significant size difference 
between the individual components is observed, for example in DPI formulations, or where 
individual components display very different properties, such as a mixture of pure crystalline 
and amorphous powder or a combination of strongly hydrophobic and hydrophilic materials.  
The effect of concentration of particles with different particle size on the electrostatic charge 
developed upon low-shear blending was found to follow the same trend as is observed when 
separate size fractions are investigated [226]. However, such an additive effect is not always 
observed as reported by Samiei et al. (2017). This study showed a significant reduction in 
charge accumulated by API - excipient blends compared to the pure APIs alone. This 
observation is expected considering the excipient placebo showed a lower degree of surface 
potential than all API tested and only 10% drug loading was employed in all blends. In 
addition, a substantial enhancement of charge dissipation was reported, but not directly 
correlated to the blends’ composition [110]. This suggests that further interaction between the 
individual components promoting charge relaxation could take place. 
In the binary systems investigated by Engers et al. (2006), pseudoephedrine hydrochloride 
was shown to exhibit a direct trend between the charge developed by the blend and charging 
properties of the individual components. However, a similar trend was not obtained for 
acetaminophen. The charge relaxation profiles, however, were not reported [226].  A similar 
study carried out by Ghori et al. (2015) on mixtures of polymers and theophylline showed 
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that generally a decrease in the negative charge acquired by the mixture upon blending was 
observed as the content of the polymer in the total mixture increased. In the study, mixtures 
of 0.5% to 15% polymer and drug were investigated. The charge decrease observed upon 
addition of the polymer was attributed to increased concentration of the polymer and its 
preference towards acquiring positive charge upon contact with the blending vessel. In 
addition, good powder homogeneity attributed to polymer coating was reported [125]. The 
same conclusion was previously made based on the study of binary mixtures of flurbiprofen 
and cellulose ethers [235]. The formation of drug-excipient agglomerates, when salbutamol 
sulphate/ mannitol mixtures were studied by Karner and Urbanetz (2013), was suggested as a 
possible reason for the charge reduction observed, supposedly due to smaller number of 
single particles available for particle-particle and particle-wall collisions [160]. However, 
anomalous results were reported by Naik et al. (2016), who observed a reduction in the 
magnitude of charge for the blends studied, even though both individual components showed 
the preference towards acquiring negative charge when studied separately. The explanation 
given, based on the DEM simulations, suggested that interparticle collisions occurring during 
the mixture of the components resulted in the formation of a positive charge, which in turn 
prevented the accumulation of negative charge in the system [236].  
Even though the magnitude of charge acquired by two-component mixtures has been studied 
relatively well, little information is provided on the effect of two different materials on the 
subsequent charge dissipation. Therefore, in this study a binary system consisting of an active 
drug, salbutamol sulphate, and an excipient, lactose monohydrate, is investigated to 
determine the effect of mixture composition on both the charge acquired upon a corona 
discharge and the resulting charge relaxation times. Furthermore, as electrostatic charge has 
been shown to affect blend uniformity, a reverse scenario, i.e. the effect of initial blend 
uniformity, is considered here. Hence, the aim is to incorporate non-uniform mixtures to 
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address the influence of the initial mixture homogeneity on its subsequent electrostatic 
response.  
9.2 Materials and Methods 
9.2.1 Materials 
Milled inhalation grade α-Lactose monohydrate Respitose™ SV008 was used without further 
processing as a model excipient. Micronised salbutamol sulphate was provided by Pfizer Inc. 
and used as a model active pharmaceutical ingredient (API). Prior to use, salbutamol sulphate 
was manually sieved through a 500 µm stainless steel sieve (Endecotts Ltd, London, 
England) to de-agglomerate the powder. 
9.2.1.1 Preparation of Non-uniform Mixtures 
Respitose™ and salbutamol sulphate were used to prepare non-uniform mixtures to assess the 
impact of segregation on their electrostatic performance. Three mixtures consisting of 50% 
Respitose™ and 50% salbutamol sulphate (expressed as volume occupied in the sample 
holder) were prepared by dispensing the powders in three different ways to the sample holder 
for the electrostatic measurements, as shown in Figure 9.1. A layered arrangement was 
achieved by dispensing first salbutamol sulphate, smoothing out the powder surface then 
subsequently dispensing Respitose™ on top of it (Case I). The powder surface was then 
smoothed out to form an even layer. The procedure was then repeated loading the powders in 
the reversed order (Case II). A third mixture was prepared by filling each powder in the 
holder side-by-side (Case III). To do this, a thin separator was prepared to divide the sample 
holder cavity into two sections. The sections were filled with the powders, the separator was 
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removed and the sample surface was carefully smoothed out to produce a flat surface, 
ensuring no powder was transferred from one section to the other. 
 
Figure 9.1 Non-uniform binary mixtures arrangements 
9.2.1.2 Preparation of Uniform Blends 
Respitose™ and salbutamol sulphate were used to prepare seven blends with the following 
drug loadings: 0.5%, 1%, 2%, 4%, 6%, 8% and 10% (w/w). Half of the required lactose was 
dispensed into a blending vessel (Ø109mm x 130mm cylinder shaped securitainer), followed 
by the salbutamol and followed by the remaining lactose. The powders were blended using a 
type T2F Turbula mixer (Willy A. Bachofen, Basel, Switzerland) at 46 rpm for 15 min. The 
blends were kept sealed in the containers until required. In addition, a blend with 16.6% 
(w/w) drug loading (Case IV) was prepared following the same procedure to obtain the 
uniform mixture with the composition equivalent to the 50% (v/v) mixtures prepared in 
Section 9.2.1.1.  
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9.2.2 Methods  
9.2.2.1 Particle Sizing 
Particle size distributions of Respitose™ and salbutamol sulphate were determined using a 
Sympatec 3146 HELOS laser diffraction system in conjunction with Windox 5.8.0.0 software 
(Sympatec GmbH, Clausthal-Zellerfeld, Germany). A dry dispersion method using a RODOS 
OASIS/L dispenser and an ASPIROS feeder attachment (Sympatec GmbH, Clausthal-
Zellerfeld, Germany) was used. For each sample, 200 mg of material was dispersed at a 
pressure of 1.0 bar. 
9.2.2.2 Surface Area Analysis 
The Brunauer-Emmett-Teller (BET) surface area of Respitose™ and salbutamol sulphate was 
determined from nitrogen adsorption using a TriStar II 3020 v.2.00 surface area analyser 
(Micromeritics, Norcross, GA, US). The sample was purged overnight with helium at 40 °C 
prior to measurement. 
9.2.2.3 Powder X-ray Diffraction 
X-ray powder diffraction was performed for Respitose™ and salbutamol sulphate using a 
Bruker D4 Endeavor X-ray diffractometer (Bruker, Karlsruhe, Germany) with Cu Kα 
radiation. All scans were obtained over a range of 2-55° 2theta, at a 0.0183° step size and 0.2 
s/step. Patterns were analysed using Bruker AXS EVA Diffrac 4.1.1 software. 
9.2.2.4 Dynamic Vapour Sorption 
Dynamic Vapour Sorption measurements were performed on Respitose™ and salbutamol 
sulphate using a DVS-1000 (Surface Measurement Systems Ltd, London, UK). Between 60-
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100 mg of sample was placed in a sample pan and the mass change was recorded as the 
humidity was cycled from 0-90% RH in 10% RH steps at 25° C. The equilibrium mass 
change of ≤0.0005% was achieved for five minutes before the humidity was set to the next 
level. Two complete consecutive cycles were performed.  
9.2.2.5 SEM Images 
SEM images of Respitose™, salbutamol sulphate and blends were performed using a Carl 
Zeiss SUPRA 40VP FESEM (Carl Zeiss AG, Oberkochen, Germany). A small amount of 
sample was mounted on sticky carbon tape and coated with platinum prior the analysis. An 
acceleration voltage of 3 kV was used during the imaging.  
9.2.2.6 Assay and Content Uniformity 
The API recovery and blend homogeneities were determined through assay and content 
uniformity analysis using reversed phase high performance liquid chromatography. An 
Agilent 1290 Infinity I Liquid Chromatography System (Agilent, Cheshire, UK) with a UV 
detector (G1314E – 1290 Variable Wavelength Detector, Agilent, Germany) and detection 
wavelength of 225 nm for salbutamol was utilised. During the analysis, an XBridge C18 
column, 3.0 x 50 mm with 3.5 µm internal diameter (Waters, Elstree, UK) kept at 30° C was 
employed. Mobile phase A consisted of 95% 10 mM pH 9.5 Ammonium Acetate and 5% 
Acetonitrile (v/v). The pH of mobile phase A was adjusted using pH additive ammonium 
hydroxide (Sigma Aldrich, UK) and recorded with an automated RE357 pH meter (EDT 
Instruments, Dover, UK). Acetonitrile was used as mobile phase B. HPLC grade acetonitrile 
and LC/MS grade ammonium acetate (Fisher Chemical, Loughbrough, UK) were used as 
received. A gradient method, in which the ratio of mobile phases A and B changes with time, 
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was employed, with flow parameters shown in Table 9.1. The injection volume was 3 µL and 
the mobile phase flow rate was 1.5 mL/min.  
Time (min) Mobile phase A (%) Mobile phase B (%) 
0.00 100.00 0.00 
3.30 70.00 30.00 
5.00 35.00 65.00 
5.10 100.00 0.00 
7.00 100.00 0.00 
Table 9.1 HPLC gradient method parameters 
10 samples of 100 mg each were sampled from each blend and dissolved in a suitable volume 
of diluent consisting of 5% (v/v) acetonitrile/ water to achieve the final concentration within 
the detection limits. An externally calibrated standard was used to determine the API content 
of the samples.  
9.2.2.7 Electrostatic Characterisation 
The electrostatic properties of the individual components, non-uniform mixtures and blends 
were determined using a Charge Decay Time Analyser (CDTA) (JCI155 v6, Chilworth 
Technology Ltd, Southampton, UK). The samples were pre-conditioned in a humidity cabinet 
(Safetech Climatezone, Hampshire, UK) at 25° C and 45% RH at least overnight prior the 
measurements. The powder was placed in the sample holder (for non-uniform mixtures the 
procedure of filling the powder holder is described in Section 9.2.1.1), weighed and the 
surface of the powder bed was smoothed out using a metal scraper to produce a flat surface. 
The sample was placed inside the instrument and corona discharge of -8.0 kV was applied to 
the surface for 0.02 s. Data recording commenced at 0.07 s after corona discharge, as 
recommended by the manufacturer. Prior to the test, the surface voltage was ensured to be ≤ 
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5 V. The plate speed was set to ‘slow’ to avoid disturbing the powder surface. After each 
measurement, the sample holder was emptied, washed with methanol and allowed to dry. At 
least three replicates were performed. The subsequent data analysis was carried out using 
Microsoft Excel.  
9.3 Results and Discussion 
9.3.1 Characterisation and Electrostatic Properties of the Individual 
Components 
Detailed physical characterisation of both Respitose™ and salbutamol sulphate was 
performed. Table 9.2 presents the values of particle size obtained from the particle sizing 
measurements as well as the specific surface area determined from BET test.  
Sample d10 (µm) d50 (µm) d90 (µm) D (4,3) (µm) BET (m2/g) 
Respitose™ 20.75 ± 0.20 63.59 ± 0.10 113.16 ± 0.04 65.74 ± 0.08 0.2556 ± 0.0011 
Salbutamol 
Sulphate 0.52 ± 0.00 1.47 ± 0.01 3.05 ± 0.01 1.66 ± 0.01 6.1061 ± 0.0473 
Table 9.2 Particle size values and BET surface area of Respitose™ and salbutamol sulphate 
(n=2, mean ± S.D.) 
Even though only two repeats for PSD were performed, the values obtained indicate that 
micronised salbutamol sulphate has substantially lower particle size than Respitose™ and can 
be considered a typical API for inhalation, where particle size of less than 5 µm is usually 
required (here d90 = 3.05 ± 0.01 µm). Its small particle size and narrow PSD result in large 
surface area of 6.1061 ± 0.0473 m2/g. Respitose™, however, shows particle size typical for 
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excipients used as drug carrier in DPI formulations, where particles of approximately 60-90 
µm are employed (here d90 = 113.16 ± 0.04 µm).  
 
 
Figure 9.2 SEM images of A: Respitose™ and B: salbutamol sulphate 
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The SEM images for the two materials are presented in Figure 9.2. The images show that 
Respitose™ is characterised by mostly tomahawk morphology and there are some smaller 
particles present, which tend to agglomerate. On the other hand, the salbutamol sulphate 
particles are of similar size and hence a much narrower PSD is obtained. The particles are 
highly cohesive and form loose agglomerates, easily separated upon manual sieving. The 
morphology exhibited ranges from elongated rod-like particles to small plate-like particles, 
which is a result of micronisation process carried out during the manufacturing.  
Dynamic Vapour Sorption measurements were performed for the both materials and the 
results obtained are illustrated in Figure 9.3 and Figure 9.4. 
 
Figure 9.3 DVS moisture sorption plot of Respitose™ 
 203 
 
Figure 9.4 DVS moisture sorption plot of salbutamol sulphate  
Respitose™ shows a typical moisture sorption response for crystalline lactose, where the 
overall change in mass is low (approx. 0.13% at 90% RH) and no changes in water sorption 
are observed between the first and second humidity cycles (Figure 9.3). Similarly, for 
salbutamol sulphate low water uptake is observed (approx. 0.16% at 90% RH). However, an 
unusual behaviour is observed at the beginning of the first cycle, where relatively rapid 
moisture uptake is recorded until 70% RH, followed by a slight mass loss of approx. 0.05%. 
This could be indicative of some amorphous phase being present in the sample. The mass 
loss at 70% RH could therefore indicate a phase transformation and water loss upon 
crystallisation. Gorny et al. (2008) reported a similar DVS response for a jet milled 
salbutamol sulphate [237]. In the study, the maximum mass change of approximately 0.35% 
was observed at the beginning of 50% RH step, followed by a rapid mass loss during the 50% 
and 60% RH stages. This behaviour was attributed to the presence of the amorphous phase 
and the content was estimated to be approximately 6.4% (w/w) [237]. Here, the maximum 
moisture uptake lower than 0.35% is observed, with most of the mass loss taking place during 
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the 70% RH stage. It may be therefore expected that the amorphous content of less than 6.4% 
was present in the sample. The subsequent water desorption response shows the same pattern 
as observed during the second cycle.  
 
Figure 9.5 X-ray diffractogram of Respitose™ and salbutamol sulphate 
In order to assess sample crystallinity, XRD patterns for both Respitose™ and salbutamol 
sulphate were obtained and are presented in Figure 9.5. Both samples show sharp, well-
defined diffraction peaks, indicative of their crystalline nature. Considering the DVS results, 
Respitose™ can be treated as fully crystalline. However, in the case of salbutamol sulphate, 
the small amount of amorphous content evident from the DVS measurement might not be 
detectable by the XRD. Therefore it is assumed here that salbutamol sulphate possesses a low 
degree of the amorphous phase. Both materials and the blends used for the subsequent 
electrostatic characterisation were equilibrated at 45% RH for longer than the length of the 
DVS measurement and hence are expected to be stable during the characterisation.  
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The electrostatic properties of pure Respitose™ and salbutamol sulphate were tested using a 
corona discharge at 25 °C and 45% RH. Upon a corona discharge of -8.0 kV, Respitose™ 
sample (total mass of 3.4 g) did not acquire a measurable charge. This could be due to a very 
rapid charge dissipation process when 45% RH conditions are applied.  
On the other hand, salbutamol sulphate acquired large charge with the maximum potential of 
-1152.5 ± 15.4 V for a 0.8 g sample. The charge relaxation process was very slow and t10% 
value has not been reached even after 8 hrs. After 8 hrs, 44.08% of the initial potential was 
still retained by the sample. The charge relaxation curve is provided in Figure 9.6. 
 
Figure 9.6 Charge relaxation curve of salbutamol sulphate (25 °C, 45% RH, n=3, mean ± 
S.D.) 
The above results are used in the subsequent sections to evaluate the effect of content 
uniformity and blends composition on the electrostatic behaviour of binary systems.  
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9.3.2 Electrostatic Properties of Non-uniform Mixtures 
In this section, the chargeability of a binary system is assessed for a number of mixtures with 
the same composition, i.e. the same components and concentration. However, these 
components have different spatial arrangement with respect to the point where corona 
discharge takes place.  The testing geometry here could resemble a tribocharging surface/ 
powder scenario where, depending on the mixture homogeneity, different components of any 
mixture may be in contact with the tribocharging surface at any time.  
Figure 9.7A shows an image of the sample holder employed during the electrostatic 
measurements using the CDTA. The sample holder is in the form of a stainless steel plate 
with a brass cavity, with 40 mm diameter and 4 mm height, where the powder sample is 
placed (Figure 9.7B)  
 
Figure 9.7 Sample holder for the electrostatic measurements performed using JCI Charge 
Decay Time Analyser, empty (A) and filled with a sample (B) 
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Due to the sample holder cylindrical geometry and corona discharge taking place above the 
sample surface, three possible arrangements of the individual components are possible, when 
a 50/50 binary mixture is considered. In this study, the mixtures consisting of 2.0 g of 
Respitose™ and 0.4 g of salbutamol sulphate are prepared. The possible sample arrangements 
are illustrated in Figure 9.1.  
The electrostatic performance of the binary mixture under each arrangement is tested and 
discussed in the following subsections. In addition, a fourth case, where binary mixture with 
the same composition (16.6 % w/w) but with uniform content distribution is considered as 
Case IV.  
9.3.2.1 Case I 
In Case I, the two components are arranged in a layered geometry, with salbutamol sulphate 
being placed at the bottom of the sample holder and Respitose™ being placed on top of it. 
The Respitose™ powder covers the whole area of the powder bed exposed to the corona 
discharge.    
Upon the corona discharge, the maximum potential of -272.2 ± 19.7 V was recorded, 
however, the charge relaxation process was very rapid with t10% of only 2.03 ± 0.01 s. The 
charge dissipation curve is provided in Figure 9.8. 
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Figure 9.8 Charge relaxation curve of the binary mixture in Case I (25 °C, 45% RH, n=3, 
mean ± S.D.) 
The results obtained are unusual, considering composition of the mixture, i.e. 50/50 (v/v) 
ratio of Respitose™ and salbutamol sulphate, and the results recorded for the individual 
components (Section 9.3.1). If the behaviour of the individual components translated directly 
into the behaviour of the mixture, then a maximum potential of approximately –570 V due to 
0.4 g of salbutamol sulphate would be expected. Instead, a much smaller value was obtained.  
As the mixture is not homogenously blended and predominantly Respitose™ is exposed to 
the corona discharge, it could be expected that the charge accumulation is mainly due to this 
material, with salbutamol sulphate partially being involved in charge acquisition. However, 
as shown earlier, Respitose™ itself does not show susceptibility towards charge 
accumulation, under the conditions employed. It is therefore highly possible that the presence 
of the salbutamol sulphate at the bottom of the powder bed serves as an insulating layer, 
inhibiting charge migration from the Respitose™.  
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The measurements performed on the individual components confirmed that, in contrast to 
Respitose™, salbutamol sulphate shows behaviour characteristic for a typical insulator. It can 
easily accumulate a large magnitude of charge but, at the same time, shows very slow charge 
relaxation kinetics. As the salbutamol sulphate is placed at the bottom of the powder bed, it 
covers the entire surface of the sample holder, through which the majority of charge 
dissipation can take place. Therefore, relaxation of the charge acquired by the Respitose™ in 
the mixture can be effectively limited, giving enough time to record some charge post-corona 
discharge.  
9.3.2.2 Case II 
In Case II, the same layer geometry of the two powders is adopted, however, compared to 
Case I, the order of the powders is reversed. The Respitose™ is placed at the bottom of the 
sample holder and salbutamol sulphate is placed at the top.  
As a result of the corona discharge, the maximum potential of –1096.3 ± 56.0 V was recorded 
for the mixture, whereas no value for the t10% was obtained due to a very slow charge 
dissipation process. After 9 hrs of charge dissipation, the potential equal to 30.7% of the 
initial charge was still present at the sample surface. The charge relaxation curve recorded is 
illustrated in Figure 9.9. 
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Figure 9.9 Charge relaxation curve of the binary mixture in Case II (25 °C, 45% RH, n=3, 
mean ± S.D.) 
Similarly to Case I, the maximum potential obtained for the mixture shows that the 
electrostatic behaviour of the individual components does not translate directly into the 
electrostatic behaviour of the mixture characterised by significant powder segregation.  
The maximum potential and charge dissipation profile obtained for the mixture are similar to 
those observed when pure salbutamol sulphate was tested (Section 9.3.1). Therefore, it 
implies that the charge acquired by the mixture is mostly governed by the component at the 
top surface of the powder bed. However, compared to the behaviour when pure salbutamol 
sulphate was tested, the mixture acquired a lower magnitude of charge and the charge decay 
rate was faster. In this case, the Respitose™ powder placed at the bottom of the powder 
holder potentially promotes charge dissipation, as presented in Figure 9.9. In addition, if 
charge dissipation is faster, the initial potential measured is lower due to the enhanced charge 
migration from the surface. 
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9.3.2.3 Case III 
In Case III, the individual components of the mixture are arranged side by side, as illustrated 
in Figure 9.1. An example of the powder bed prepared for the measurements is shown in 
Figure 9.10. 
 
Figure 9.10 Sample specimen of the binary mixture in Case III 
In Case III, the composition of the mixture was kept the same, as in Cases I and II, however, 
because of the side-by-side geometry, each component exposed to the corona discharge is 
equal to half of the total surface area of the powder bed.  
Upon the corona discharge, the maximum potential of -465.3 ± 15.6 V was recorded. The t10% 
value was not obtained due to slow charge dissipation, and 39.9% of the initial value was still 
present on the sample surface after 5.7 hrs. The charge relaxation curve recorded for the 
sample is provided in Figure 9.11. 
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Figure 9.11 Charge relaxation curve of the binary mixture in Case III (25 °C, 45% RH, n=3, 
mean ± S.D.) 
Considering that half of the area of powder bed exposed to the corona discharge consists of 
Respitose™, it would be expected that the charge acquired by salbutamol sulphate part would 
be the main contribution to the total charge of the mixture. The maximum potential recorded 
here, -465.3 ± 15.6 V, is in fact less than what it would be expected based on the results 
obtained for pure salbutamol sulphate, i.e. approximately -576 V for 0.4 g of the material.  
The fact that a lower value was recorded for the mixture could result from the interaction 
between the two components of the mixture. As observed previously, Respitose™ can 
promote charge dissipation and therefore the initial charge magnitude recorded is less than 
expected. However, only a small charge dissipation enhancement is observed (Figure 9.11) 
compared to the charge relaxation profile recorded for the pure component (Figure 9.6). On 
the other hand, considering that the area of the sample holder in contact with salbutamol 
sulphate part of the mixture is now reduced, the reverse trend would be expected – a smaller 
discharge area should lead to slower charge dissipation. However, if Respitose™ is able to 
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promote charge relaxation, and the charge acquired by salbutamol sulphate part could migrate 
away through lactose, the observed charge relaxation enhancement would be expected.  
9.3.2.4 Case IV 
In Case IV, a binary system with the same composition but with the two components mixed 
homogenously, using a Turbula mixer, is studied. Based on the 50/50 (v/v) ratio of 
Respitose™ and salbutamol sulphate, the equivalent blend with 16.6% (w/w) drug loading 
was prepared. The content uniformity of the blend was assessed using HPLC method 
(Section 9.2.2.6) and the assay percentage values were found to fall between 94.4% and 
101.9%, which means that, according to the specifications of the United States 
Pharmacopeial Convention USP <905> on Uniformity of Dosage Units, uniform blending 
was achieved. The % RSD of 2.7% indicates good repeatability of the results.  
 
Figure 9.12 Charge relaxation curve of the binary mixture in Case IV (25 °C, 45% RH, n=3, 
mean ± S.D.) 
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The electrostatic performance of the blend was determined by adopting the same procedure 
as for the other binary mixtures and a value of -1157.3 ± 123.6 V for the maximum potential 
was obtained. The charge dissipation was still observed to be slow and consequently the 
value of t10% was not been reached. Instead, a potential corresponding to 20.7% of the initial 
value was recorded after 7.06 hrs of charge dissipation. The charge relaxation curve was 
obtained and is provided in Figure 9.12. 
As the binary mixture has been homogenously blended, it is expected that the surface 
exposed to the corona discharge contains 50% (v/v) salbutamol sulphate and 50% (v/v) 
Respitose™. Comparing the maximum potential with the results obtained for the pure 
components, the value detected here is in a very good agreement with the value obtained for 
pure salbutamol sulphate, i.e. -1152.5 ± 15.4 V. Based on the mixture composition, it would 
be expected that only 50% of the area exposed to the corona discharge consists of salbutamol 
sulphate particles, responsible for the charge accumulation, and hence the charge measured 
should be significantly lower.  
However, during the sample preparation blending was employed to achieve uniform 
distribution of the individual components. It is possible that the process resulted in some 
modification of the particles. Therefore, an SEM image was taken to look into the 
arrangement of the particles as shown in Figure 9.13. 
From Figure 9.13, it is evident that the surface of Respitose™ particles has been significantly 
covered by salbutamol sulphate particles. Such surface coating by small particles is 
commonly observed during the blending process and utilised in certain formulations, for 
example in DPIs [238]. In addition, small quantities of salbutamol sulphate particles not 
attached to Respitose™ are observed.  
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Figure 9.13 SEM image of the binary mixture in Case IV 
The surface coating observed means that in fact the surface exposed to the corona charging is 
predominantly occupied by salbutamol sulphate and this could account for the maximum 
potential measured. The salbutamol sulphate coating might also prevent charge from 
conducting between individual lactose particles. 
In addition, similarly to Case II, where pure salbutamol sulphate was placed on a layer of 
Respitose™, a strong enhancement in the charge relaxation is observed when the uniform 
mixture is studied. This implies that the charge acquired by the salbutamol sulphate particles 
could potentially interact with the Respitose™ host particles, and with Respitose™ being 
more conductive under the conditions studied, this resulted in promoting the charge 
dissipation. Similar observations were made in Cases II and III, however, the effect is more 
pronounced here and this could be due to better direct contact between the particles of the 
two materials.  
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The reduction in the overall charge acquired and enhancement in the charge relaxation of 
blends, compared to their corresponding pure APIs, have been reported previously [110, 
226], however, these are usually explained based on the concentration of API used for the 
blends. Here, it has been observed that, at a very high drug loading, the actual amount of API 
added does not affect the charge acquired but rather its distribution within the blend 
determines the electrostatic behaviour.   
9.3.2.5 Summary  
In this section, a number of binary systems with the same composition but varied 
distributions within the mixture were studied and compared. It has been observed that the 
arrangement of the particles can have a profound effect on the extent of charge acquired and 
the subsequent charge relaxation, as summarised in Figure 9.14.  
 
Figure 9.14 Summary of the electrostatic behaviour of 50% (v/v) binary mixtures (25 °C, 
45% RH, n=3, mean ± S.D.) 
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A similar scenario, where various degrees of charging are observed depending on mixture 
initial homogeneity could potentially take place during tribocharging, as the charge is 
typically generated on the boundary of the interacting materials. Therefore, if the contact 
exists primarily between the strongly insulating material, generation of a large quantity of 
charge could be expected and vice versa. However, the presence of other components can 
impact the magnitude of the charge generated by promoting dissipation, like Respitose™ 
does here, or by restricting the charge dissipation, as observed for salbutamol sulphate.  
In the case of the homogenously blended system, even though only 16.6% (w/w) drug 
loading was applied, the total charge generated was similar to the charge when the pure drug 
was studied. This shows that once surface coating is observed, a simple correlation between 
the charge and mixture composition could no longer operate. The effect of drug loading and 
hence mixture composition is covered in Section 9.3.3.  
9.3.3. Effect of composition on the electrostatic properties of homogenous 
binary mixtures 
In order to establish the role of API concentration and, effectively, the composition of the 
blend on its electrostatic behaviour, a number of homogenous binary blends with varied drug 
loading, ranging from 0.5% (w/w) to 10% (w/w), have been prepared and studied under the 
same conditions. Furthermore, the results are also compared with the data collected for 
16.6% (w/w) blend discussed in Section 9.3.2.4.    
The homogeneity of all the blends was assessed using HPLC (Section 9.2.2.6). The assay 
values were found to satisfy the requirements of the United States Pharmacopeial Convention 
USP <905> on Uniformity of Dosage Units to fall between 90.0-110%, and therefore were 
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considered uniformly blended. The highest % RSD of 4.7% was found for Blend 8.0 (i.e. 
8.0% drug loading), however, this is still considered acceptable in terms of repeatability and 
reliability of the data.  
SEM images of the blends were taken and are provided in Appendix B. From the images, it is 
evident that, for all the blends prepared, the micronised salbutamol sulphate particles coated 
the larger Respitose™ particles, however, visually the degree of the coating changes with the 
concentration of the API. For the blends with low drug concentrations, i.e. 0.5%, 1.0%, 2.0%, 
the amount of salbutamol sulphate in the blend is quite low and therefore, compared to the 
larger Respitose™ particles, limited particle adhesion is observed. For these samples, parts of 
lactose not covered with salbutamol sulphate are still visible. For the blends with 4.0% and 
6.0% drug loading, substantial Respitose™ coverage with salbutamol sulphate is observed, 
with a few non-adhered salbutamol sulphate particles being present in Blend 6.0. As the API 
concentration is increased further, the amount of non-adhered drug particles increases in 
Blends 8.0 and 10.0, with the degree of Respitose™ coating remaining approximately the 
same.  
The maximum surface potential measured for each blend and the corresponding t10% values 
are provided in Table 9.3. For Blend 10.0, a t10% value was not obtained due to a slow charge 
decay rate, and after 8.96 hrs a potential equal to 10.32% of the initial value was present at 
the sample surface.  
Considering the maximum potential of -1152.5 ± 15.4 V recorded for the pure salbutamol 
sulphate, it is evident that as the API concentration increases the electrostatic charging of the 
blends does not follow a simple linear trend that would be expected from the blends 
composition and the charge acquired by the individual components. Such a trend, where the 
charge of a mixture is proportional to the mixture composition has been observed previously 
 219 
for pseudoephedrine hydrochloride mixtures [226] as well as in the case of the physical 
mixtures discussed in Chapter 8. 
Sample name Vmax (V) t10% (s) t10% (min) 
Blend 0.5 -164.1 ± 24.6 2.21 ± 0.01 0.04 ± 0.00 
Blend 1.0 -211.2 ± 17.6 4.41 ± 0.02 0.07 ± 0.00 
Blend 2.0 -465.1 ± 26.0 26.76 ± 0.03 0.45 ± 0.00 
Blend 4.0 -785.4 ± 11.0 1092.68 ± 82.45 18.21 ± 1.37 
Blend 6.0 -840.5 ± 10.3 6825.94 ± 18.48 113.77 ± 0.31 
Blend 8.0 -924.6 ± 10.1 12052.53 ± 92.38 200.88 ± 1.54 
Blend 10.0 -988.9 ± 38.9 not reached not reached 
Table 9.3 Electrostatic characteristics of the homogenous binary blends (25 °C, 45% RH, 
n=3, mean ± S.D.) 
A similar conclusion can be made based on the charge relaxation values (Table 9.3), where a 
sudden change in charge decay characteristics is observed as drug concentration is increased 
from 2.0% to 4.0%.  
The relationship between the maximum potential acquired by the blends and drug loading 
and the relationship between the t10% values and drug loading are provided in Figure 9.15 and 
Figure 9.16, respectively.  
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Figure 9.15 Maximum potential accumulated by the blends as a function of drug loading (25 
°C, 45% RH, n=3, mean ± S.D.) 
 
Figure 9.16 Charge relaxation t10% of the blends as a function of drug loading (25 °C, 45% 
RH, n=3, mean ± S.D.) 
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Based on the results presented in Figure 9.15, two distinct trends between the maximum 
potential acquired by the blends and the drug loading can be observed. Initially, up to 2% 
drug loading, the maximum potential increases as the drug concentration increases. At these 
low concentrations, a linear correlation, with R2 value of 0.9787 is obtained. The increase in 
charge is quite rapid as illustrated by a slope of -223.16 for the linear trend. However, as the 
salbutamol sulphate concentration reaches 4%, a much slower increase in charge magnitude 
is observed. Consequently, above a drug concentration of 4%, a linear correlation is still 
observed (R2 = 0.9943) but the slope is significantly smaller – with a value of -34.73 
obtained. This means that above 4%, further addition of salbutamol sulphate has a smaller 
effect on the charge acquired by the blend.  
The same linear correlation between the charge and drug concentration was reported for both 
fluticasone propionate and budesonide blends when drug loading between 0.4% and 2% was 
employed [102]. However, formulations with higher drug loadings were not investigated.  
In terms of the charge dissipation, a similar behaviour is observed. The blends with low drug 
concentrations, below 4%, show quite rapid charge relaxation (Figure 9.16). For these blends, 
the t10% values of less than 0.5 min are obtained. However, as the drug loading increases 
above 4%, the charge dissipation decreases substantially, and a significantly longer time is 
needed for the charge to migrate away from the surface as illustrated by much higher values 
of t10% (Table 9.3). It is important to emphasise, that although further increases in the drug 
loading did not show a strong effect on the charge accumulation, the charge relaxation times 
became significantly longer.   
These results and observations seem to correlate well with the observations made based on 
the SEM images on the surface coating achieved during the blending process. It has been 
noticed that all the blends below 4% API concentration are characterised by adhesion of 
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salbutamol sulphate particle to the much larger Respitose™ particles, however the overall 
amount of the drug is still small, compared to the amount of Respitose™ present. This means 
that even small change in the API concentration can have a strong impact on the magnitude 
of charge acquired, considering that salbutamol sulphate shows very good charge 
accumulation properties and Respitose™ does not acquire any charge on its own (Section 
9.3.1). However, the charge dissipation seems to be still governed mainly by Respitose™, as 
illustrated by the low values of t10%.  
For the blends with 4% and 6% drug loading, significant coating of Respitose™ with 
salbutamol sulphate was observed, and this can account for the large surface potential 
detected. Furthermore, as the API concentration is increased further, the coating remains 
approximately the same, and only non-adhered salbutamol sulphate particles are observed. It 
is possible that at around a drug loading of 4% surface saturation with API particles is 
achieved. As a result, the charge magnitude still increases, however, the relatively good 
conduction properties of Respitose™ result in a lower value of the maximum potential being 
detected (similarly to Case IV in Section 9.3.2.4). In this case, however, the charge relaxation 
kinetics seems to be governed mainly by salbutamol sulphate as evident from the large values 
of t10%. The 16.6% blend discussed in Section 9.3.2.4 follows the same trend as observed for 
the blends between 4% and 10%.  
9.4 Conclusion  
Here, the effects of the initial homogeneity and composition of the selected binary systems 
have been evaluated and discussed. Under the conditions applied, Respitose™ exhibited good 
conducting properties in contrast to the salbutamol sulphate, which acquired a large surface 
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potential and exhibited very slow charge decay kinetics. The effect of mixture homogeneity 
on electrostatic performance was assessed for a number of non-uniform samples, where 
significant segregation of the individual components took place, as well as for a uniformly 
blended sample. It was found that although the systems possessed the same composition, 
their electrostatic behaviour was strongly dependent on the spatial arrangement of the 
components. The initial potential acquired by the non-uniform mixtures was predominantly 
governed by the component directly exposed to the charging process, however, the 
conducting or insulating properties of the second component further affected the magnitude 
by decreasing or increasing the value, respectively. Furthermore, the charge decay times 
followed a similar trend, where enhancement or diminution of charge migration was observed 
due to the presence of the second component. The results obtained for the uniformly blended 
sample with the same composition showed that by providing good contact between the two 
components, significant enhancement of the charge dissipation process is achieved.  
The influence of mixture composition was studied on uniformly blended binary mixtures 
with varying drug loading. It was found that even though the electrostatic behaviour was very 
closely related to the drug loading, two linear trends were obtained, depending on whether 
the drug loading employed was below or above 4%. This effect was evident in both the 
maximum surface potential accumulated and the charge relaxation characteristics (time to 
10%). For the low drug loading blends, a fast charge relaxation, in the order of minutes, was 
observed which is expected to be mainly due to fast charge dissipation abilities of 
Respitose™. In contrast, blends with higher drug loading exhibited significantly longer 
charge relaxation times in the order of hours, typical for salbutamol sulphate. Here, the 4% 
drug loading, where the change in performance is observed, has been identified as a point 
where substantial surface coating of Respitose™ with salbutamol sulphate is observed. With 
electrostatics being mostly a surface property, the phenomenon of surface coating could be a 
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crucial parameter in explaining and potentially predicting the electrostatic behaviour of 
binary systems.  
The observations and relationships established here for a model binary system show how the 
electrostatic properties of blends can be altered by manipulating their homogeneity and 
composition. It also shows that by selecting pairs of materials with good charge conduction 
or insulation properties, the overall performance of the blend can be modified. Future work 
could look into extending the current findings onto more common ternary systems, such as 
formulations for tableting.  
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Chapter 10 Summary 
10.1 Final Conclusions 
In this thesis, the electrostatic behaviour of the selected pharmaceutical powders was 
investigated as a function of their particle surface properties.  
In general, pharmaceutical powders show a great tendency towards accumulation of 
electrostatic charges due to contacts with surfaces. The charge retained by a powder can alter 
its properties, typically making it more cohesive, reducing its flow properties and promoting 
agglomeration. Even though it is possible to measure the static charge of powders, it is 
challenging to rationalise and predict the affinity of powders to acquire and retain charge 
under different conditions. In this work, the surface properties of powders were modified 
selectively and their impact on the electrostatic behaviour was assessed.  
In order to study the electrostatics of powders, an experimental setup involving a capacitive 
probe inside a Dynamic Vapour Sorption instrument was designed and optimised. The 
method employed benefited from the ability to perform measurements in a non-contact mode, 
under stable environmental conditions with a broad range of conditions being available, small 
sample size being required and fast equilibration time in between the measurements. The 
method was utilised for the assessment of the impact of surface chemical groups on the 
electrostatic performance of glass beads.  
The effect of surface chemistry on the electrostatic properties was studied selectively based 
on the chemically modified glass beads. The results obtained indicated that the electrostatic 
behaviour is dependent on the functional groups exposed on the surfaces. Specifically, the 
surfaces with more hydrophobic character accumulated greater charge and showed slower 
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charge decay kinetics compared to the more hydrophilic surfaces. This effect was evident 
using both tribocharging and corona discharge methods. The behaviour was further affected 
by the unique properties of the heteroatoms present, such as fluorine or nitrogen, which 
impacted the magnitude and polarity of the charge acquired. This observation was however 
evident only when the charge was generated as a result of contact with the stainless steel 
surface.  
Furthermore, the measurements performed under different humidity conditions showed that 
as the humidity increased, typically a magnitude of the initial charge that developed was 
reduced. However, the fluorinated surface was found to be an exception from this trend 
showing the same response under all humidity conditions tested. It was concluded that the 
initial charge developed was influenced by the moisture present on the surface, which varies 
to a larger extent for the hydrophilic surfaces than the hydrophobic ones. In contrast, the 
charge decay performance was impacted by the surrounding conditions for all the surfaces 
tested, including the most hydrophobic surface.  
The effect of crystal habit, and hence the concept of surface hydrophobicity and functional 
groups, was investigated for the needle-shaped mannitol crystals having different aspect 
ratios. An increase in the charge magnitude and slow charge decay were observed for the 
more elongated particles exhibiting more hydrophobic character compared to the shorter 
particles. Even though the crystal habit was modified to a relatively small extent by changing 
the aspect ratio of the particles only, the overall electrostatic behaviour of the samples was 
affected. It could be therefore expected that materials showing very distinct crystal 
morphologies could be characterised by quite different charging properties.  
The electrostatic characteristics of amorphous phase were investigated based on lactose 
monohydrate. In the study, a strong emphasis was made to the role of water existing in the 
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structure of the materials. Results showed that when the samples with different structural 
order and water content are compared, the former has more pronounced effect on the overall 
electrostatic behaviour. The materials characterised by the ordered crystalline structure 
accumulated smaller magnitudes of charge and showed faster charge relaxation kinetics 
compared to the amorphous materials. The charge relaxation was significantly slower for the 
materials lacking long range periodicity in their structures, giving rise to a greater initial 
charge being accumulated on the surface. Furthermore, an increase in water content resulted 
in a decrease in the charge accumulated as well as promoted faster charge dissipation. 
Between these two factors, the degree of structural order had more significant effect on the 
electrostatic behaviour of samples than the overall water content.  
The study on amorphous and crystalline lactose revealed that the electrostatic behaviour of 
the individual components translated directly into the behaviour of their physical mixtures. 
Further work carried out on the effect of the composition of the API/ excipient mixture on the 
electrostatics showed that drug loading and accompanying surface coating dictated the 
overall mixture performance. Under the low drug loading conditions, where little surface 
coating was observed, the mixtures were characterised by a fast charge relaxation typical for 
the excipient used. An increase in the drug load led to a gradual increase in the charge 
accumulated until the point where a significant surface coating was observed. For the higher 
drug loading, the mixtures behaviour was characteristic of the API tested, with long charge 
dissipation times.  
The impact of the initial mixture homogeneity on the charge acquired was investigated using 
the API/ excipient mixtures with the same composition. The study reviled that segregation of 
the components and their arrangement within the mixture had a profound effect on the charge 
accumulated by the mixture. Overall, it was observed that the initial charge acquired by the 
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mixture and the subsequent charge dissipation were predominantly dictated by the 
characteristics of the component directly exposed to the charging process. However, these 
were further altered by the second component, according to its conducting or insulating 
properties. Finally, it was observed that homogeneous direct contact between the particles of 
the two components significantly improved charge dissipation process, otherwise not 
observed for the segregated mixtures. 
10.2 Future Work 
This work has provided some insight into how certain particle properties impact the powder 
electrostatic behaviour. As the investigations were carried out on a limited number of systems 
and conditions only, further work could focus on extending these observations into more 
advanced systems. Specifically, when influence of different surface functional groups was 
assessed, other halogen-rich groups, including iodine and chlorine, could be tested to 
determine whether a strong affinity towards negative charge is common for this group of 
elements. Furthermore, the charge dissipation characteristics of these groups could be tested 
under 0% RH conditions, achievable using the Capacitive Probe – DVS system, to avoid the 
contribution of humidity towards the charge dissipation. It could provide valuable 
information on the behaviour observed when dry conditions are applied, such as during 
fluidised bed drying. Further, other functional groups commonly found in pharmaceutical 
materials, such as aromatic rings, could be investigated to establish the electrostatic 
properties of these individual groups. Such knowledge could aid understanding of the 
electrostatic properties of pharmaceutically relevant molecules, which tend to consist of a 
number of different functional groups. Moreover, as illustrated by the work performed on the 
mannitol crystals, more thorough study could incorporate the effect of crystal habits and 
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hence the contribution of different functional groups towards the overall electrostatic 
performance of a crystal. Computational methods could be very useful in visualising the 
chemical groups present on the crystal facets and potentially could be used to estimate the 
magnitude of charge generated on each facet based on the concentration of the groups. 
Further research should also be directed into the properties of ternary mixtures, as these tend 
to be more common in the pharmaceutical industry. Considering the results obtained for the 
binary mixtures and the influence of surface coating upon blending, it would be important to 
assess whether simply the order of addition of the individual components into the final 
mixture affects their overall charging. Hence potentially by changing the relative distribution 
of the components within the mixtures the electrostatic performance could be optimised and 
charging could potentially be reduced to some extent without a need to modify the mixture 
components.  
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Appendix A 
All crystalline lactose samples and the amorphous lactose were subjected to a positive corona 
discharge of 8.0 kV and the potential due to the acquired charged was measured. The specific 
maximum potential normalised with respect to the mass is shown in Figure A.1, whereas the 
corresponding relaxation curves are presented in Figure A.2. 
 
Figure A.1 Specific maximum potential acquired by the lactose samples (25° C, 25% RH, 
n=3, mean ± S.D.) 
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Figure A.2 Charge relaxation curves of the lactose samples (25° C, 25% RH, n=3, mean ± 
S.D.) 
All lactose samples tested acquired a strong signal due to the positive corona discharge and 
good reproducibility was obtained. For crystalline samples, a gradual increase in the 
magnitude of charge accumulated is observed as the particle size decreases. A similar trend 
was obtained when a negative corona deposition was applied.  
For the amorphous lactose, a significantly larger charge of 521.93 ± 8.71 V/g is acquired 
compared to the charge of 259.32 ± 3.31 V/g observed for the 32 - 75 µm sieve fraction of 
the crystalline lactose.  
Furthermore, charge relaxation curves (Figure A.2) indicate two distinct trends in the charge 
dissipation behaviour for the crystalline and amorphous samples. All the crystalline samples 
are characterised by relatively rapid charge dissipation, with t10% varying between 2.13 and 
17.51 min. However, the corresponding t10% value recorded for the amorphous samples is 
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equal to 68.54 ± 0.85 min. A difference in the particle size cannot account for the observed 
differences and therefore results from the amorphous nature of the sample. These results are 
consistent with the results obtained when a negative corona discharge was applied.   
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Appendix B 
SEM images of the homogenous binary blends of salbutamol sulphate and Respitose™ at 
different drug loading discussed in Section 9.3.3: 
 
Figure B.1 SEM image of Blend 0.5 – 0.5% drug loading 
 
Figure B.2 SEM image of Blend 1.0 – 1.0% drug loading 
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Figure B.3 SEM image of Blend 2.0 – 2.0% drug loading 
 
Figure B.4 SEM image of Blend 4.0 – 4.0% drug loading 
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Figure B.5 SEM image of Blend 6.0 – 6.0% drug loading 
 
Figure B.6 SEM image of Blend 8.0 – 8.0% drug loading 
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Figure B.7 SEM image of Blend 10.0 – 10.0% drug loading 
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Appendix C 
During the corona charging, fixed volume of material is exposed to the corona discharge, the 
level of which can be adjusted if required. In order to improve understanding of the 
parameters affecting the potential acquired by the sample tested, the impact of sample mass 
and the corona discharge level were assessed. The tests were performed for the selected 
functionalised glass beads, namely GB-OH and GB-F, as these display quite distinct 
electrostatic properties. The same tests were also performed for lactose monohydrate (32-75 
µm). 
Electrostatic characterisation: 
The electrostatic properties of the samples were determined using a Charge Decay Time 
Analyser (CDTA) (JCI155 v6, Chilworth Technology Ltd, Southampton, UK). The samples 
were pre-conditioned in a humidity cabinet (Safetech Climatezone, Hampshire, UK) at 25 °C 
and 25% RH for a minimum of 8 hrs prior the measurements. To assess the effect of the 
sample mass, 0.5 g, 1.0 g, 1.4 g, 1.6 g, 1.8 and 2.0 g of the glass beads or 1.0 g, 1.5 g, 2.0 g, 
2.5 g, 3.0 g and 4.0 g of lactose monohydrate were placed in turns in the sample holder, 
weighed and the surface of the sample was smoothed using a metal scraper to produce a 
uniform, flat surface. The sample was placed inside the instrument and a corona discharge of 
-8.0 kV was applied to the surface for 0.02 s. Data recording commenced at 0.07 s after 
corona discharge, as recommended by the manufacturer. Further, to assess the effect of the 
corona discharge level, 2.0 g of the glass beads or 3.8 g of lactose monohydrate were placed 
in the holder and smoothed as described above. A corona discharge of -4.0 kV, -5.0 kV, -6.0 
kV, -7.0 kV, -8.0 kV and -9.0 kV was applied in turns. Prior to the test, the surface voltage 
was ≤ ±5 V. The plate speed was set to ‘slow’ to avoid disturbing the sample surface. After 
each measurement, the sample holder was emptied, washed with methanol and allowed to 
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dry. At least three replicates were performed. Subsequent data analysis was carried out using 
Microsoft Excel.  
Results 
A: Effect of sample mass 
Glass Beads 
The effect of sample mass on the charge acquired upon exposure to the corona discharge was 
assessed for two different functionalised glass beads. For both GB-OH and GB-F, the 
maximum potential acquired was proportional to the sample mass, as shown in Figure C.1. In 
addition, a greater increase in the potential acquired upon the sample mass increase was 
observed for GB-F compared to GB-OH, which could be due to its greater overall 
chargeability.  
 
Figure C.1 Maximum potential acquired by GB-OH and GB-F (25 °C, 25% RH, n=3, mean ± 
S.D.) 
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As greater sample mass leads to greater charge being accumulated, the variations in the 
charge relaxation curves for the individual samples are also observed, as shown in Figure C.2 
and Figure C.3 for GB-OH and GB-F, respectively. For the both samples, greater initial 
charge results in slower overall charge relaxation. Therefore, the individual charge relaxation 
curves were normalised with respect to the sample mass to account for different initial 
charges. The normalised curves for GB-OH and GB-F are illustrated in Figure C.4 and Figure 
C.5, respectively. 
 
Figure C.2 Charge relaxation curves of GB-OH with varied sample mass (25 °C, 25% RH, 
n=3, mean ± S.D.) 
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Figure C.3 Charge relaxation curves of GB-F with varied sample mass (25 °C, 25% RH, n=3, 
mean ± S.D.) 
 
Figure C.4 Charge relaxation curves of GB-OH normalised with respect to mass (25 °C, 25% 
RH, n=3, mean ± S.D.) 
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Figure C.5 Charge relaxation curves of GB-F normalised with respect to mass (25 °C, 25% 
RH, n=3, mean ± S.D.) 
Upon normalising with respect to the sample mass, the charge relaxation curves 
predominantly converge to a single unique curve. This could potentially provide a more 
reliable way of comparing different materials, such that the results are not affected by the 
magnitude of the initial charge acquired by the sample. However, for both GB-OH and GB-F, 
the 0.5 g and 1.0 g samples deviate from the trend. This deviation could be due to insufficient 
sample mass, as it was observed that 1.0 g was just enough to cover the bottom of the sample 
holder.  
Lactose monohydrate (32-75 µm) 
The same assessment was performed for lactose monohydrate. As shown in Figure C.6, an 
increase in the sample mass leads to greater charge being accumulated by the sample, with 
approximately linear relationship between the two (R2 = 0.92413).  
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Figure C.6 Maximum potential acquired by lactose monohydrate (32-75 µm) (25 °C, 25% 
RH, n=3, mean ± S.D.)  
Unlike for the glass beads, an increase of the sample mass from 1.0 g to 4.0 g lead to a 
significant change in the powder bed height, resulting in the sample surface being closer to 
the corona discharge unit and the fieldmeter. This could potentially impact the potential 
detected upon charge deposition. Furthermore, the process of smoothing out the powder bed 
was significantly more difficult when the sample holder was not fully filled. This issue was 
not observed for the glass beads, as these can be easily rearranged. Therefore, some 
deviations from a linear trend are observed, however the results obtained indicate that the 
sample mass plays an important role in the charge acquired upon the corona discharge.  
The charge relaxation curves obtained for the lactose samples with varied mass are illustrated 
in Figure C.7. Similarly to the glass beads, greater sample mass led to greater charge being 
accumulated and hence slower overall charge relaxation process. However, due the 
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deviations discussed above, the profiles do not follow the same trend and normalisation with 
respect to mass does not yield a single curve.  
 
Figure C.7 Charge relaxation curves of lactose monohydrate (32-75 µm) with varied sample 
mass (25 °C, 25% RH, n=3, mean ± S.D.) 
Overall, it was shown that the sample mass has a profound effect on the charge acquired by 
the material tested and therefore should be taken into account when different materials are 
compared. Furthermore, for the charge relaxation profiles, unique curves were obtained for 
the glass beads, however it was also observed that real powders can present further 
challenges associated with sample preparation and sample positioning within the measuring 
device.  
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B: Effect of corona discharge level 
Glass Beads 
The effect of corona discharge level on the charge acquired was assessed for two different 
functionalised glass beads. For both GB-OH and GB-F, a linear correlation between the 
maximum potential acquired and the corona discharge level were observed (as shown in 
Figure C.8) with R2 of 0.9969 and 0.9973, respectively.  
 
Figure C.8 Maximum potential acquired by GB-OH and GB-F as a function of the corona 
level applied (25 °C, 25% RH, n=3, mean ± S.D.) 
Below -4.0 kV, no signal could be detected for either sample, whereas the upper limit of the 
testing conditions was selected based on the instrument recommended operation 
specifications.  
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As indicated in Figure C.8, GB-F shows much greater charge accumulation properties than 
GB-OH. However, in both cases, the samples acquire only a fraction of the applied potential, 
as given in Figure C.9.  
 
Figure C.9 Charge deposition efficiency for GB-OH and GB-F as a function of the corona 
level applied (25 °C, 25% RH, n=3, mean ± S.D.) 
The charge relaxation curves obtained under each corona discharge conditions for GB-OH 
and GB-F are shown in Figure C.10 and Figure C.11, respectively. Similarly to the results 
obtained for different sample mass, the charge relaxation profiles depend strongly on the 
charging conditions and hence the initial magnitude charge of the sample. Therefore, to 
ensure consistency between the analysed data, the samples should be exposed to the same 
conditions. 
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Figure C.10 Charge relaxation curves of GB-OH charged by different levels of the corona 
discharge (25 °C, 25% RH, n=3, mean ± S.D.) 
 
Figure C.11 Charge relaxation curves of GB-F charged by different levels of the corona 
discharge (25 °C, 25% RH, n=3, mean ± S.D.) 
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Lactose monohydrate (32-75 µm) 
The analogous assessment was performed for lactose monohydrate. As shown in Figure 
Figure C.12, an increase in the corona discharge level leads to greater charge being 
accumulated by the sample, with linear relationship between the two (R2 = 0.99763). 
Similarly, again only a fraction of the charge deposited is actually accumulated by the sample 
(Figure C.13).  
 
Figure C.12 Maximum potential acquired by lactose monohydrate (32-75 µm) as a function 
of the corona level applied (25 °C, 25% RH, n=3, mean ± S.D.) 
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Figure C.13 Charge deposition efficiency for lactose monohydrate (32-75 µm) as a function 
of the corona level applied (25 °C, 25% RH, n=3, mean ± S.D.) 
 
Figure C.14 Charge relaxation curves of lactose monohydrate (32-75 µm) charged by 
different levels of the corona discharge (25 °C, 25% RH, n=3, mean ± S.D.) 
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The resulting charge relaxation profiles for lactose charged by different corona discharge 
level is given in Figure C.14. Similarly to all the other results, an increase in the corona 
discharge level led to greater charge being accumulated by the material and hence overall 
slower charge relaxation.  
Overall, the level of the corona discharge has a strong impact on the potential acquired and 
hence the subsequent charge relaxation results. Therefore, similarly as for the glass beads, it 
is recommended to assess powder samples under the same testing conditions.  
 
